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1.1.1 General biogeographical processes
Biogeography studies the geographical distribution of species over 
space and time. While before the 20th century biogeography was part 
ȱȱ¢ȱȱ¢ȱȱȱȱęȱȱȱ
“where” and “when” organisms live and had lived (e.g. Linnaeus, 
1781; de Candolle, 1820; Wallace, 1876), it changed throughout the 
20th century into a more explanatory research area, trying to answer 
the questions “why” a particular organism lives or had lived at a 
particular place, and “why not”. This change was stimulated by 
ȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ e.g. area, 
immigration and extinction rate (Arrhenius, 1921; MacArthur & 
Wilson, 1963) and the discovery of plate tectonics (Wegener, 1924), 
supplying explanatory mechanisms for the observed historical and 
ȱȱĴȱȱȱǯȱȱǰȱȱȱȱ
done to further understand the processes underlying biogeographical 
Ĵȱǯȱ¢ȱȱ ȱǰȱȱȱȱ
of a species starts with its formation in a suitable habitat in a certain 
region, dispersal into and eventually colonization of new regions 
resulting in an expansion of its biogeographical range, further 
ȱ ȱ ȱ ¡ȱ ȱ Ěȱȱ ȱ Ȭȱ
environmental changes and biotic interactions, and ultimately 
ends with the extinction of the species or further evolution and 
ǯȱȱȱ¢ȱȱȱ ȱȱȱȱěȱȱ
the distribution of an organism, namely historical factors and local 
environmental factors (Lomolino, 2010). 
Historical factors

ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ęȱȱ
ȱ ȱȱȱ ȱ ȱ ȱ ǻĚȱȱȱ ȱ
among these patches), the geographical position and isolation of 
regions and larger geographical areas, and historical changes in 
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ȱ ęȱȱȱ ȱ ȱ ȱ ǻĚȱȱȱ
and sea level changes) and plate tectonics. On the other hand, 
historical factors also include features of the species itself such as 
its area of origin, its evolutionary background and the resulting 
phylogenetic constraints on the characteristics of the species (stress 
tolerance levels, adaptive and competitive potential, environmental 
niche, etc.Ǽȱ ȱ ȱěȱȱȱȱȱ£ȱǯȱ
The dispersal ability of a species depends on a whole range of 
factors, including its morphological and physiological characteristics 
(such as active locomotion or features enhancing passive motility, 
dormancy and tolerance levels for adverse conditions during 
Ǽǰȱ ȱ ȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ
medium or habitat they have to bridge during dispersal (physical 
barriers, heterogeneity, environmental factors, biotic interactions). 
The colonization ability of a species depends on its competitive 
strength, niche breadth and adaptive abilities. The combined action 
ȱȱȱȱ¡ȱȱȱ ȱ¢ȱěȱȱ
the dispersal capacities and environmental niche of the species 
and thus its realized biogeographical range, but can also result in 
subsequent speciation or in extinction (Coyne & Orr, 2004). 
Local environmental factors
Local environmental factors comprise the present biotic and abiotic 
conditions in a habitat patch, including positive and negative 
interactions with other organisms and the chemical characteristics 
ȱ ȱǯȱ ȱ ȱ¢ȱ ȱȱ ȱȱ
factors in a local patch is called “species sorting” (Leibold et al., 2004) 
and can result in the local extinction or unsuccessful colonization of 
species for which the habitat patch is not suitable. 
The interplay between local environmental factors (species 
ǼȱȱȱȱęȱȱȱȱȱȱȂȱ
occurrences and community structure is explicitly incorporated in 
the metacommunity concept (Leibold et al., 2004). A metacommunity 
ȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ
dispersal of multiple potentially interacting species, which are 
available in the regional species pool. Using this concept, several 
studies have recently tried to estimate the relative contribution of 
ȱȱȱȱȱȱęȱȱȱȱ
patches in determining contemporary local community composition, 








species is reduced or prevented by a geographical, reproductive 
and/or ecological barrier (Cook, 1906, 1908; Coyne & Orr, 2004). 
The geographical distance between populations or the occurrence 
of a physical barrier (any unsuitable habitat type such as oceans, 
continents, rivers or mountains) can reduce dispersal and thus gene 
Ěȱ ȱ ȱǯȱȱȱĚȱ ȱȱĜȱȱ¢ȱǰȱ
random genetic drift and/or ecological adaptation will occur and 
eventually result in the formation of genetically separated lineages, 
which will become reproductive isolated over time (allopatric and 
ȱ ǰȱ¢ȱǭȱǰȱŘŖŖŚǼǯȱȱȱȱĚȱ ȱ
can also occur inside a single area when populations get ecologically 
ȱ ¢ȱ ǰȱ ȱ ȱȱȱ ȱȱĚȱ ȱ
ȱȱ¢ǰȱ ȱȱȱěȱȱ
(sympatric speciation, Cook, 1908; Coyne & Orr, 2004). Because of 
the crucial position of dispersal in allopatric speciation, which is 
supposed to be the main mode of speciation (Coyne and Orr, 2004), 
ȱȱȱȱȱȱěȱȱȱȱ¢ǯȱȱ
ǰȱȱȱȱ ȱ Ěȱȱȱȱ ȱȱȱ
processes including biogeography (Macarthur & Wilson, 1963), 
population dynamics (Johst & Brandl, 1997) and genetics (Hanski, 
1999), metacommunity dynamics (Leibold et al., 2004), and speciation 
(Coyne & Orr, 2004).
1.1.2 Microbial biogeography
Knowledge of the general processes determining the biogeographical 
range of species mainly comes from studies on macroorganisms (see 
for example the classic studies compiled in Lomolino et al., 2004). 
For microorganisms, much less is known on their biogeographies, 
mainly because their small sizes require the use of microscopes, 
culturing or molecular techniques to detect them and because it was 
ȱ ȱ ȱ  Ȃȱ  ȱ ȱ ȱ
structure anyway (Martiny et al., 2006). The combination of high 
local population abundances (and thus a higher chance to get 
dispersed) and small sizes (and thus low weight, increasing the 
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chance and distance of passive transport) was believed to increase 
the dispersal probabilities of microorganisms to such an extent that 
no geographical barriers would exist and only species sorting would 
ěȱȱȱȱǻǰȱŗşŗřǲȱȬǰȱŗşřŚǼǯ
 ǰȱ ȱ ȱ ȱ ȱ ȱ ȱȱ
ȱ ȱ ȱ¢ȱ ȱ  ȱ Ĵȱȱ ȱ Ĵȱȱ
understanding of the ecology and evolution of microorganisms. 
ȱ ȱ ȱ ǰȱ ȱ ȱ ȱ ȱ ȱ Ĵȱȱ
in several eukaryotic  (e.g. Fawley et al.ǰȱ ŘŖŖŚǲȱ 	ȱ et al., 2004; 
Pringle et al.ǰȱ ŘŖŖśǲȱ ȱ et al., 2006; Taylor et al., 2006; Evans 
et al., 2009; Boo et al., 2010; Casteleyn et al., 2010) and prokaryotic 
microorganisms (e.g.ȱȱǭȱǰȱŘŖŖŖǲȱȱet al., 2003; Whitaker 
et al., 2003), while other species turn out to have cosmopolitan 
distributions (e.g.ȱ	ȱ et al., 2000; Brandao et al., 2002; Ward 
ǭȱȂǰȱŘŖŖŘǲȱ et al.ǰȱŘŖŖśǲȱȱet al., 2010). This 
indicates that microbial biogeographies are very likely shaped by 
the same processes as assessed for macroorganisms (Martiny et al., 
2006), being history and dispersal limitation, next to species sorting.
Problems related to studying microbial biogeography 
Besides the geographical component, these recent studies also 
ȱ ȱ ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱĴȱȱ ȱȱȱȱ ȱȱ
ȱ¢ȱ ȱȱĴȱȱ¢ȱȱ¢ȱ
species sorting. First and most importantly, the taxonomic resolution 
used in microbial studies is usually much lower compared to the 
studies on macroorganisms (Martiny et al., 2006). Indeed, leading 
ȱȱȱȱȱȱȱȱȱǻe.g. 
Fawley et al., 2004; Boenigk et al.ǰȱ ŘŖŖŜǼȱ ȱ ȱ ȱ ȱȱ
ęȱȱ ȱ ȱ ȱ ȱ ǻe.g.ȱ 	ȱ et al., 2004), 
 ȱȱȱȱȱȱȱ¡ȱȱȱȱȱȱ
too conservative to distinguish closely related species (Behnke et al., 
ŘŖŖŚǼǯȱǰȱęȱȱȱȱȱȱȱ
characteristics is commonly used in eukaryotic microorganisms. 
However, many studies have reported within single morphospecies 
the presence of distinct genetic lineages or species without or with 
¢ȱ¢ȱȱȱěȱȱ ȱ ȱǻ¢ȱ
and pseudocryptic species, respectively; e.g.ȱ ȱ et al., 2006; 
Beszteri et al.ǰȱ ŘŖŖŝǲȱ ȱ et al., 2008). The oldest lineages of the 
ĚȱȱȱȱȱMicromonas pusilla (Butcher) 
ȱǭȱȱȱȱȱȱȱȱȱȱȱŜśȱȱ
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¢ȱǻȱet al., 2006). This further biases our understanding of 
microbial biogeography.
¢ǰȱ ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ
of microorganisms (Martiny et al., 2006). The dispersal rates and 
distances of an organism depend on one hand on intrinsic factors 
such as the number of cells dispersing (and thus population 
sizes), their morphology (weight and special structures promoting 
transport) and their physiological tolerance to the adverse 
conditions encountered during transport and colonization; and 
ȱ ȱ ȱ ȱ ȱ Ȭȱ ȱ ȱ ȱ ȱ ȱ
ȱ ȱ ȱ  ȱ  ȱ Ěȱȱ ȱ ȱ ȱ ȱ
picked up by a dispersal vector and the chance to land in a suitable 
habitat patch. Apart from that, successful dispersal also depends 
on organism characteristics allowing it to compete with the local 
communities and populations already established in a patch (such 
as competitive ability, dormancy, adaptive potential). Of all these 
ǰȱ  ǰȱ Ĵȱȱ ȱ  ȱ ȱǯȱ ǰȱ  ȱ
microorganisms certainly can have extremely large population 
sizes, this is most probably not the case for all microbial species (see 
ȱ¡ȱȱǭȱǰȱŘŖŗŖǼǯȱ¢ǰȱȱ ȱȱȱȱ
the dispersal probabilities of all microorganisms are high enough 
to overcome genetic divergence between populations (Martiny 
et al., 2006). Many bacteria and eukaryotic microorganisms do 
form dormant stages (Hutchinson, 1967; Hargraves & French, 
ŗşŞřǲȱȱet al., 2000; Anderson, 2010), but this is for several 
taxa still unknown and there are not always data available on the 
ȱȱȱȱȱȬȱǯȱȱǰȱ
variation in niche breadth, competitiveness and adaptive capacities 
ȱȱȱȱ ȱȱǯȱǰȱ ȱ ȱ ȱ
ȱęȱȱȱȱ¡ȱȱȬȱȱǻe.g. 
ǰȱŗşśŞǲȱȱet al., 2008; Müller et al., 2010), suggesting that 
taxa will also vary in their dispersal probabilities, dispersal rates 
and realized biogeographies (Martiny et al.ǰȱŘŖŖŜǼǯȱȱ ȱęȱȱȱ
ȱ ȱ ȱĴȱȱ ȱ ȱȱȱ ȱ
range of scales on which geographical structure has been detected, 
and would further corroborate the current opinion that microbial 
biogeography is dictated by the same processes as macroorganisms 
ǻ	ȱǭȱǰȱŘŖŖŜǲȱ¢ et al., 2006).
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Dispersal mechanisms and dispersal barriers of microorganisms
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
location to another, away from its parental population. An individual 
of a species can disperse from its parental population into another 
population, or disperse from its parental population towards an 
empty patch, colonize this patch and start a new population (if 
propagating asexually) or await a second individual of opposite 
mating type and start a new population (for sexual organisms). For 
¢ǰȱȱȱȱȱĚȱȱ ȱȱȱ
ȱ  ȱ ȱ ȱ ȱ ǻȱ ȱ ȱ Ěȱ ȱ
 ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ Ȭȱ
system) and when the movement is towards a new patch (thus 
expanding a biogeographical range or enhancing the number of 
ȱǼǯȱ¢ǰȱȱěȱȱȱȱȱ
subsequent reproduction and the onset of a population.
Two main types of dispersal mechanisms are generally 
recognized, being active and passive dispersal. Active dispersal will 
depend on local factors (local population size, resource limitation, 
habitat size, etc.) forcing organisms to actively move out of a 
ęȱȱȱǻ ȱǭȱǰȱŘŖŖśǼǯȱȱ¢ȱǰȱ
however, organisms depend on the kinetic energy occurring in 
the environment (animal and plant vectors, wind, water currents, 
gravity) for their movement (Maguire, 1963). For microorganisms, 
the active movement of a single individual will be spatially restricted 
and unlikely to bridge the gap between populations. Therefore, 
passive dispersal is the main dispersal type of microorganisms. 
Microorganisms are thus dispersed through animal and plant 
vectors, wind and water currents.
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
organism and include geographical barriers and physiological 
ǯȱȱȱĜȱȱȱ ȱǰȱȱȱȱ
(rivers, oceans, land barriers, mountains, etc.) only preclude the 
dispersal of an individual because of physiological restrictions. 
ǰȱȱȱȱȬęȱȱǻȱ ȱȱ¢ȱ
 ȱǼǯȱȱǰȱȱȱȱȱȱ
conditions will be encountered, ranging from among others an 
ȱȱȱǻȂȱǰȱȱȱ ȱȱ¡Ǽǰȱ
adverse environmental conditions in the crossed habitat patches, to 
ȱǯȱȱȱȱȬȱȱ ȱ
ȱĚȱȱȱȱȱȱȱȱȱ¢ȱ
of surviving a dispersal event. Besides this, the availability 
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of individuals (and thus population size) and morphological 
ȱ ȱ ȱ Ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
dispersed passively, while the availability of suitable habitat patches 
ȱ£ȱȱ ȱěȱȱ ȱ¢ȱ ȱȱ ȱȱ
ȱȱȱȱ£ȱǯȱ
 ǰȱĴȱȱȱ ȱȱ
the extent in which dispersal limitation occurs in microorganisms 
ȱȱȱȱȱȱȬȱǯ
1.2 Organisms under study: benthic 
freshwater and terrestrial diatoms
1.2.1 Diatoms: general introduction
ȱ ǻ¢ǰȱ 
¢Ǽȱ ȱ ȱ ȱ ȱ
unicellular microalgae characterized by a siliceous cell wall (the 
frustule) consisting of two “valves” connected by girdle elements 
(Fig. 1.1), and a diplontic life cycle involving gradual cell size 
reduction by vegetative divisions followed by cell size restitution 
through sexual reproduction (Round et al., 1990; Chepurnov et al., 
ŘŖŖŚǼǯȱ ȱ ȱ ȱ  ȱ ȱ ȱ ¢ȱ ȱ
siliceous cell walls, which have traditionally been used to delineate 
species (Round et al., 1990). Moreover, as this silica wall is relatively 
resistant to corrosion, diatoms have an extensive fossil record, going 
ȱ ȱ ȱ ǰȱ ŗşŖȱȱ ¢ȱ ȱ ǻĵȱ ǰȱ ŗŞşŜǰȱ ŗşŖŖȱ
ȱ ȱ et al., 2006). Within the more than 200,000 extant species 
ȱȱ¡ȱǻȱǭȱǰȱŗşşŜǼǰȱ ȱȱȱ
groups are traditionally delineated (Fig. 1.1), being the “centric” 
diatoms with radially organized valves and the “pennate” diatoms 
with bilaterally organized valves. A subgroup of pennate diatoms 
has evolved a longitudinal slit along the apical axis of the valve, 
called the raphe (Fig. 1.1), through which polysaccharide strands 
can be extruded onto the substrate, allowing the movement over 
ȱ ȱ ǻȱ ǭȱ 
ǰȱ ŗşŜŜǼǯȱ ȱ ȱ ȱ ȱ
pennate diatoms (having no raphe) are immotile and live suspended 
ȱ ȱ ȱ Ĵȱȱ ȱ ǰȱ ȱ ȱ ȱ ȱ
are motile and live mostly benthic in sediments and on substrates. 
ȱȱȱȱȱŝŖȱȱȱǻĴȱǰȱŗŞŞŜǲȱǰȱŗŞŞşǲȱ






 Being photoautotrophic, diatoms thrive worldwide in the 
photic zone of the marine and freshwater plankton and benthos 
(Round et al., 1990). They are ecologically very important as primary 
ǰȱȱȱȱ ȱȱ ȱŘŖȬŘśȱƖȱȱ ȱȱ
primary production in oceans (Werner, 1977). To a lesser extent, 
diatoms also occur in terrestrial habitats and live in and on soils 
and on wet rocks, mosses, tree barks and other humid substrates 
(Round et al., 1990). However, not much is known about the ecology 
of terrestrial diatoms, as most ecological, physiological, biochemical 
and molecular studies have focused on marine or freshwater diatoms. 
Concerning biogeography and dispersal, several studies have been 
performed and some general trends and work hypotheses can be 
ȱ ȱ ȱ ǻȱ ȱ ŗǯŘǯŘǼǯȱ ǰȱ ȱ ęȱȱ
mechanisms controlling diatom distributions are still unknown, and 
many questions remain. Moreover, similar to other microbial taxa, 
Fig. 1.1 Living diatom cells as visualized by light microscopy (A-B) and the cleaned siliceous 
frustule visualized by scanning electron microscopy (C-D). Diatoms can be elongated and 
bilateral symmetric (A-C) and termed pennate diatoms, or radially symmetric (B-D) and 
termed centric diatoms. The “raphe” is the longitudinal slit running over the apical axis of 
the valve of raphid pennate diatoms, such as in C. A) 	¢ȱǯ, B) Cyclotella sp., C) 
Pinnularia borealis, D) a multipolar centric.
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several species complexes containing (pseudo)cryptic species have 
been reported (e.g.ȱ ȱ et al.ǰȱ ŘŖŖśǲȱ£ȱ et al., 2007; Mann & 
ǰȱŘŖŖŝǲȱȱet al.ǰȱŘŖŖŞǲȱȱet al., 2009). Because 
cryptic diversity hampers the interpretation of geographical ranges, 
this issue has to be taken into account when reading previous 
¢Ȭȱȱȱȱ ȱȱ ȱ
ones.
1.2.2 Diatom biogeography: an interplay of 
species sorting and dispersal limitation?
ȱ ȱ ȱ ȱ ȱ ȱ ȱ  ȱ ȱ
geographical distribution of diatom species is only determined 
by species sorting, or by an interaction between local ecological 
ȱ ȱȱ ȱ ǻȱǭȱǰȱ ŘŖŖŘǲȱ ȱ
et al., 2004; Telford et al.ǰȱŘŖŖŜǲȱ¢ȱet al.ǰȱŘŖŖŝǲȱ¢ȱet al., 
ŘŖŖşǼǯȱȱȱȱȱȱȱȱȱ
reveal that their geographical distributions are explained by local 
environmental variables and spatial variables, indicating that both 
species sorting and dispersal limitation account for the observed 
geographical structure. This result is further supported by reports 
of endemic diatom species and genera [e.g. species of Muelleria 
ǻǼȱ ȱ ǻȱȱȱ et al., 2010), and the genus 
Eunophoraȱ¢ǰȱȱǭȱȱǻ¢ȱet al., 1998)] and 
¢ȱ ȱ ȱ ȱ ȱ ȱ Ěȱ ȱ  ȱ
populations of the marine planktonic species Ȭĵȱȱ
pungensȱǻ	 ȱ¡ȱǼȱ
ȱǻ¢ et al., 2010), Skeletonema 
marinoiȱȱǭȱȱǻ	ȱǭȱ
ãǰȱŘŖŗŖǼȱȱDitylum 
brightwelliiȱ ǻǼȱ	 ȱ ǻȱ ȱ ȱ ȱȱ ȱ
however unclear) (Rynearson et al., 2009), and of the freshwater 
species Sellaphora capitataȱȱǭȱȱǻȱet al., 2009)].
 There are no reliable data available on the geographical 
distribution of terrestrial diatom species, but it is hypothesized that 
the biogeographical ranges of terrestrial diatoms would be larger 
ȱȱȱȱȱǻȱet al., 2010). Compared 
to lakes which are islands of suitable habitat within a hostile 
matrix, terrestrial habitats are presumably less fragmented on a 
regional scale, increasing the dispersal probabilities and dispersal 
rates of terrestrial species. Moreover, because terrestrial habitats 
ȱ £ȱ ¢ȱ ȱ ¢ȱ Ěȱȱ ȱ ȱ ȱ
ȱȱ ǻȱet al.ǰȱ ŗşŞŗǲȱ	ȱet al., 2008) compared to 
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permanent lakes, it is assumed that terrestrial species are adapted 
to overcome these more hostile conditions [analogous to green 
ȱǻȱet al., 2008)], which would also increase their tolerance to 
Ȭȱȱȱȱǯȱ¢ǰȱȱ¢ȱ
sediment is more susceptible to be picked up by air currents (Chepil, 
ŗşśŜǼǰȱ ȱȱ ȱ ȱȱ ȱ ȱȱ ¢ȱ
wind compared to lacustrine diatoms. The combination of the 
less fragmented terrestrial habitat, higher susceptibility for wind 
dispersal and higher tolerance for desiccation would enhance the 




also result in lower speciation rates, and it is thus expected that 
terrestrial diatoms are less diverse than aquatic diatoms. As said, no 
ȱȱ¢ȱȱȱęȱȱȱȱȱ¢ǯ
 While it has been indicated that dispersal limitation does 
play a role in at least lacustrine and marine diatom distributions, 
it remains unknown on which scale and at what rate dispersal and 
ȱĚȱ ȱǰȱȱ ȱȱȱȱǽȱȱȱȱ
morphological evolution of Stephanodiscus niagarae Ehrenberg to S. 
yellowstonensis ȱǭȱȱȱca. 4,000 years (Theriot et 
al.ǰȱ ŘŖŖŜǼǾǯȱ ȱ ȱȱ ȱ ȱ ȱ ȱ ęȱȱȱ
ȱȱȱǰȱȱȱěȱȱȱȱȱ
 ȱ ȱ ȱ ȱ ěȱȱ ȱ ȱ ǯȱ
Furthermore, while there are some clues on the general tolerances 
of diatoms during transport by air currents and animals (see section 
ŗǯŚǼǰȱ ȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ ęȱȱ
ěȱȱȱȱǯȱ
ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ Ěȱ ȱ  ȱ
populations of a single species, two methods are currently available 
based: phylogeographical studies and microsatellite analysis. These 
are based on the genetic information stored in individual genomes, 
and on the fact that, independently of environmental selection, neutral 
mutations will accumulate with time in the genomes (called “genetic 
ȄǼǯȱȱ ȱ  ȱ ȱ ȱ ȱ ȱ
genetic drift through the exchange of genetic material. By studying 
ȱ¢ȱȱȱǻěȱȱȱȱȱȱǼȱ ȱ
and between populations one will gather an approximation of the 
amount of dispersal between these populations. When analyzing this 
in an explicit geographical framework as done in phylogeographical 
studies, one will gather information on both the amount and 
11General introduction
ȱ ȱ ȱ ȱ ȱ ȱ ěȱȱ ǯȱ ȱ ȱ
ȱȱȱȱȱȱȱĚȱ ȱ ȱȱ
ȱȱȱȱǰȱȱȱȱǻȬ
coding sequences of 1 to 6 base pairs repeated 10 to 100 times in 
Ǽȱȱȱǻȱȱ¢ǰȱȱȱ
ȱȱȱȱȱȱȱȱȱǼȱ
have to be analyzed.
Phylogeographies
ȱ ȱ Ȭǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ǰȱ
phylogeographical studies will evaluate more recent divergences 
between and within species in an explicit geographical framework 
ȱȱ ȱěȱȱȱ ȱ ǻǰȱ ŘŖŖŖǼǯȱ¢ȱ
ȱǰȱȱȱȱęȱȱȱȱȱ
ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ěȱȱ
ǯȱȱ¢ȱȱȱ¡ȱȱȱȱȱ
the colonization routes after the last glacial maximum 10,000 years 
ago from the glacial refugia to the present locations (e.g. King & 
ǰȱ ŗşşŞǲȱ	ȱǭȱǰȱ ŘŖŖŘǲȱȱ et al., 2006). For diatoms, 
phylogeographical studies are scarce and limited to the marine 






populations, microsatellite frequencies can be analyzed. For 
ǰȱ ěȱȱ ȱ ȱ ȱ ȱ ȱ ǽPseudo-
ĵȱȱ (Casteleyn et al., 2010), Skeletonema marinoiȱǻ	ȱ
ǭȱ 
ãǰȱ ŘŖŗŖǼǰȱ ȱ ȱ Ditylum brightwellii (Rynearson et 
al., 2009) in which the species boundaries were however unclear] 
and in a single freshwater species [(Sellaphora capitata (Evans et 
al., 2009)] reveal that gene exchange is restricted in more or lesser 
extent between geographically separated populations on even small 
geographical scales, while a study on P. pungens on smaller scale 
ȱ ȱ ȱ ěȱȱ ȱ ȱ ȱ Ěȱ ȱ  ȱ
populations (Casteleyn et al., 2009).
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1.3 Species diversity and speciation
1.3.1 Species as fundamental units of biology
ȱ ȱ ȱ ȱ ęȱȱ ȱ ¢ǰȱ ȱ ¢ǰȱ
species are used as basic biological study unit. A species (or lineage) 
is a group of individuals structured as a metapopulation that 
ȱ ¢ȱ ȱȱ ȱ ȱ ȱ ǻȱ£ǰȱ
ŘŖŖŝǼǯȱ ȱ ȱ ȱ ȱ ȱ ȱ  ȱ ǻȱǼȱ  ȱ
ȱ ǻǯȱ ŗǯŘǼǯȱ ȱ ȱ ǰȱ ěȱȱ ȱ  ȱ ȱ
acquired by these evolving lineages: the lineages will become 
¢ȱǰȱ¢ȱěȱǰȱ¢ȱ
incompatible, and genetically reciprocally monophyletic, amongst 
ǯȱȱȱȱȱȱěȱȱȱȱȱǻȱ
operational criteria) for species delimitation, and were traditionally 
ȱ ȱ ěȱȱ ȱ ȱ ǰȱ ȱ
the morphological, ecological, biological and phylogenetic species 
concepts. It is important to clearly distinguish between the theoretical 
concept of species (i.e. separately evolving metapopulation lineages) 
and the operational criteria (morphology, ecology, genetics) used 
ȱ ¢ȱ ȱ ȱ ǯȱ ȱ ȱ ěȱȱ
ȱȱȱȱěȱȱȱȱȱǰȱȱ
is a grey zone (Fig. 1.2) between the initial lineage separation and 
the fully completed lineage separation during which alternative 
ȱȱȱȱĚȱȱȱȱ ȱ ȱȱ
a single species are present. On each outer side of this grey zone, 
there will be unanimous agreement on the number of species. For 
ȱ ǰȱ ȱ ěȱȱ ȱ ȱ ǰȱ ȱ ¡ȱ
morphological, genetic and physiological data, will enhance the 
probability to delineate the species correctly.
 In diatom taxonomy, valve morphology is traditionally 
the main basis on which species are delineated, to a lesser extent 
supplemented with cytological data (Round et al., 1990). Consistently 
¢ȱěȱȱȱȱ ȱȱȱ
into “morphospecies” as an approximation of the real species (as 
ȱ¢ȱǯȱȱȱȱ¢ȱǼǯȱȱȱǰȱ
this morphological or typological concept is predominantly used in 
several study areas, including ecology and biogeography. Recently, 
ȱ¢ȱȱȬȱȱȱȱȱȱ
of nucleotide information as additional line of evidence for species 
delimitation. Phylogenetic analyses of this genetic information will 
group strains into lineages depending on the nucleotide composition 
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Fig. 1.2 Diagram visualizing lineage separation and divergence (speciation) and species 
concepts (after de Queiroz, 2007). A single lineage (species) splits to form two lineages 
(species). The horizontal lines labeled SC (species criterion) 1 to 9 represent the times at 
 ȱ ȱ ȱȱěȱȱȱ ǻ¢ȱ¢ǰȱ ¢ȱ




and visualize this on a phylogenetic tree in which branch lengths are 
proportional to the number of nucleotide substitutions (Felsenstein, 
2004). Individuals with minor variation in nucleotide composition 
will cluster together, while individuals which vary in nucleotide 
composition will be placed on separated branches, the branch lengths 
ȱȱȱȱȱǯȱȱȱĴȱȱ
occur using independent sources of genetic data (for example 
chloroplast genes vsǯȱ ȱ ȱȱ ǰȱ ȱ ěȱȱ
genes from a single genome source), the probability to correctly 
delineate species increases, and the same holds for morphological 
data.
1.3.2 Diatom diversity and cryptic species
ȱ ȱ ȱ ȱ ȱ ȱ Ȭȱ ȱ ȱ ǰȱ
ȱȱȱŘŖŖǰŖŖŖȱ¡ȱȱǻȱǭȱǰȱŗşşŜǼǯȱ
They thrive in a wide range of habitats and ecological conditions, 
which all contain a whole range of species resulting in a high 
overall species diversity. The unique characteristics of the diatom 
genome, combining genes present in bacteria, higher plants and 
higher animals next to their own set of genes, is hypothesized to 
result in a high adaptive potential (Bowler et al., 2008), which might 
facilitate ecological adaptation and subsequent speciation. While 
the causal relationship between ecological change and speciation 
is still uncertain, it has been shown that closely related (pseudo)
cryptic diatom species can be ecologically diverged, as seen for 
¡ȱȱěȱȱȱ¢ȱȱȱȱNavicula phyllepta 
ûĵȱ ȱȱ¡ȱǻȱet al.ǰȱŘŖŖşǼȱȱěȱȱ
in temperature optima in the Cylindrotheca closterium (Ehrenberg) 
ȱ ǭȱ  ȱ ¡ȱ ǻȱ et al., unpubl.). The 
morphological evolution from Stephanodiscus niagarae Ehrenberg 
to the endemic S. yellowstonensisȱȱǭȱȱ ȱȱ
with progressive warming (Theriot et al., 2006). Ecological niche 
ěȱȱȱȱȱȱȱȱȱȱȱ
and further account for the high diversity. 





Skeletonema costatumȱ ǻ	Ǽȱȱ ǻȱ et al.ǰȱ ŘŖŖśǼǰȱCyclotella 
meneghinianaȱ ûĵȱ ȱ ǻ£ȱ et al., 2007), Sellaphora pupula 
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ǻûĵȱ Ǽȱ¢ȱǻȱǭȱǰȱŘŖŖŝǼǰȱNavicula phyllepta 
ûĵȱ ȱ ǻȱ et al., 2009), Eunotia bilunaris (Ehrenberg) 
ȱǻȱet al., 2008), ĵȱȱȱǻûĵȱ Ǽȱ
ȱ ǻȱ et al., 2009)]. While until now cryptic species have 
only been reported for a limited number of diatom morphospecies, 
it is expected that this is a widespread phenomenon in diatoms 
(Mann, 1999). 
1.3.3 Speciation over time and space
As discussed for macrobiota (see section 1.2.1), speciation and 
¡ȱ ȱ  ȱ ȱ ȱ ȱ ¢ǯȱ ȱ
rates, periods and locations will therefore give further insight into the 
ȱȱȱ ǯȱ	ȱȱȱȱ
ȱȱȱ¢ǰȱȱȱȱȱȱĚȱȱ
are often very well dated and can therefore be linked to dated 
ȱǯȱȱǰȱȱȱȱ Ȭȱ
fossil sequence showing the abrupt morphological evolution from 
Stephanodiscus niagarae Ehrenberg to the endemic S. yellowstonensis 
ȱǭȱȱȱȱȱȱȱŚǰŖŖŖȱ¢ȱȱȱ
with progressive warming following the retreat of the glaciers 
10,000 years ago (Theriot et al., 2006). Because the discovery of such 
 Ȭȱȱȱ¡¢ȱȱȱȱȱ¢ȱ
applicable, other methods have been devised to estimate the time 
ȱ ȱ Ĵȱȱ ȱ ȱȱ ȱ ȱ ¡ȱ ǯȱ
ȱ ȱȱ ȱ ȱ ȱ ȱ ǰȱ
often coding for very conservative proteins or having no function 
in protein coding, which are assumed not to be under ecological 
ȱȱȱ¢ȱ¢ȱȱȱȱǯȱȱȱ
will evolve over time and will further diverge between species due 
to genetic drift, resulting in less variation between recently evolved 
species and more variation between phylogenetically distant 
ǰȱ ȱȱȱȱĚȱ ȱ ȱȱ ȱȱǻȱ
drastically reduce) this divergence.
ȱȱȱȱȱȱȱȱȱǰȱ
these can evolve slowly, thus giving more information on the 
deeper and older divergences (e.g.ȱ ŗŞȱ ȱȱ ȱǼȱ
for example between larger groups of species or genera; or evolve 
faster and being of no use for deeper divergences but only for more 
recent speciation events (e.g.ȱ ŘŞȱ ǰȱ rbcL, coxŗǰȱ Ǽǯȱ ȱ
genetic markers evolve even faster and point mutations occur also 
within species (e.g. ȱ ȱ  rbcL), these can be used to 
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coding sequences of 1 to 6 base pairs repeated 10 to 100 times in 
Ǽȱȱȱǻȱȱ¢ǰȱȱȱ
ȱȱȱȱȱȱȱȱȱǼȱ
have to be analyzed (see section 1.2.2).
Time-calibrated molecular phylogenies
ȱȱȬǰȱȱȱȱȱ ȱȱȱ
between larger groups of species can be investigated by combining 
ȱ ȱ  ȱ ȱ ȱ ȱ ȱ Ȭȱ
ȱ ¢ǯȱ ȱ Ȭȱ ¢ȱ ȱ
as a starting point to interpret species divergences in a geological 
 ȱ ǻȱ ǭȱ ǰȱ ŘŖŖŝǼǯȱ ȱ ¡ǰȱ ȱ ȱ
marine planktonic foraminifer Neogloboquadrina Bandy, Frerichs & 
ǰȱȱȬȱ¢¢ȱȱȱȱȱȱ
ěȱȱȱ ȱȱȱȱ ȱ¢ȱ
species in the Arctic and Antarctic were correlated with changes in 
ice masses, but that exchange between the two poles still occurred 
 ȱȱȱŘŖŖǰŖŖŖȱ¢ȱǻȱǭȱǰȱŘŖŖŞǼǯȱȱǰȱ
such explicit assessments of geological timeframes have only been 
done for the larger taxonomic groups of diatoms (Kooistra & Medlin, 
1996; Medlin et al.ǰȱ ŗşşŝǲȱ ǰȱ ŘŖŖŝǲȱ  ȱ ǭȱ ǰȱ
2010) trying to estimate the geological processes triggering the 
ęȱȱȱȱȱȱȱȱȱ ǰȱȱȱȱȱ
marine planktonic species [Ȭĵȱȱ  (Casteleyn et 
al., 2010)] estimating the divergence within the P. pungens species 
complex during the Pleistocene glacial cycles.
1.4 Stress tolerance and dispersal 
limitation 
As summarized in section 1.1, dispersal is a key process controlling 
biogeographical ranges and knowledge on dispersal probabilities 
of organisms is thus indispensable to correctly interpret observed 
ȱĴȱǯȱȱȱ¢ȱȱȱȱ
 ȱ ȱ ȱ ȱ ȱ ęȱȱ ȱ ȱ ȱ
the medium or habitat they have to bridge (physical barriers, 
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heterogeneity, environmental factors, biotic interactions) but also 
on its morphological and physiological characteristics such as active 
locomotion or features enhancing passive motility, dormancy and 
tolerance levels for adverse conditions during dispersal. The stress 
tolerance of an organism is therefore an important factor determining 
its dispersal potential and subsequently its potential geographical 
range. However, as reviewed by Martiny et al. (2006), knowledge 
ȱ ȱ ȱ ȱ Ȭȱ ȱ ȱ  ȱ ȱ
ęȱȱȱȱȱȱȱȱȱ¢ȱ
lacking for microorganisms, and the same holds for diatoms. 
ȱȱȱȱ¡ȱȬȱȱǰȱȱȱ
important to have a good knowledge on the dispersal mechanisms 
diatoms can use and subsequently deduce the problems diatoms 
ȱȱǯȱȱȱȱȱǰȱȱęȱȱ
hypotheses can be put forward on dispersal tolerances of freshwater 
and terrestrial diatoms. 
1.4.1 Freshwater diatom dispersal
ȱ ȱ ȱ ȱ £ǰȱ ȱ ȱ ȱ ȱ ěȱȱ ȱ ȱ
macroorganisms, and this has to be taken into account. Most 
diatoms do not move actively. However, the raphid diatoms do 
move on smaller scales, but this movement is aimed to leave less 
suitable patches and search randomly for a more suitable patch with 
ȱ ȱ ȱ ǻǯȱ ǯȱ ǯȱ 	Ǽǰȱ  ȱ ȱ







over multiple generations a diatom species could eventually extend 
its range over larger scales by active movement, but by that time 
it is likely that genetic divergence from the source population has 
occurred, except if a second, faster dispersal mechanism has allowed 
ĜȱȱȱȱĚȱ ȱ ȱ ȱǯȱȱȱ
is thus not likely to be the key dispersal mechanism of diatoms to 
extent their geographical range and this will mainly be achieved by 
passive dispersal.
ȱ ȱ ȱ ǰȱ ȱ ȱ ȱ ȱ ¢ȱ
a supportive medium (air currents, water currents or another 
organism) without consuming itself additional energy for 
movement. However, the dispersed organism is entirely dependent 
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on the transport medium for the rate, direction, distance and point 
ȱ ȱȱȱ ǻȱǭȱ	ǰȱ ŘŖŖŗǼǯȱȱ ȱȱȱ ȱ
of the passively dispersed organism the transport is random, but 
in some cases the movement of the medium is less random than 
¡ǰȱȱȱȱȱȱǰȱȱ ȱĚȱ ȱ
or migration routes of animals, and will largely determine the 
main dispersal routes of the passively dispersed organisms. As 
such, the distribution of some passively dispersed zooplankton 
ȱ ȱȱȱȱȱȱȱȱ
ȱ  ȱ ǻ	ȱǭȱǰȱŘŖŖśǼǯȱ ǰȱȱȱ ȱ
scales, passive dispersal will be random. Traditionally, short and 
long distance dispersal has been distinguished, using a more or 
less arbitrary distance as boundary, for example 10 km as boundary 
ȱ ȱ ȱ ǻ	ȱǭȱǰȱ ŘŖŖśǼǰȱ ȱęȱȱ ȱ
as respectively dispersal inside a habitat type and dispersal over 
ěȱȱȱǻȱǭȱ	ǰȱŘŖŖŗǼǯȱ
 ǰȱȱȱ ȱ
on the distances over which diatoms are transported generally, nor 
on the heterogeneity encountered by a diatom cell inside a habitat 
¢ǰȱȱȱ¢ȱȱęȱȱȱȱȱȱȱ
diatom dispersal.
1.4.2 Dispersal vectors and dispersal-related 
stress factors
Three types of transport vectors account for the passive dispersal 
of diatoms, being water currents, air currents and living organisms 
(Kristiansen, 1996). 
Dispersal by water currents
Freshwater currents in rivers or as ground water, and oceanic 
currents, the thermohaline circulation and other water currents all 
transport algae passively, including diatoms (Finlay & Esteban, 
ŘŖŖŚǼǯȱ ȱ £ȱ ¡ȱ ȱ ȱ ęȱȱ  ȱ ȱ
connected to an existing pond showed that over short time periods 
the same species occured as in the source pond, while new species, 
transported over land, only occurred after several years (Atkinson, 
1988). Water currents are the fastest way of dispersal for algae, 
but are constrained by the position and availability of sources and 
destinations (Kristiansen, 1996). Of course –  and this applies to all 
ȱȱȮȱěȱȱȱȱ¢ȱȱ ȱȱ
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propagule arrives alive in a suitable patch and is able to divide and 
start a new population.
Dispersal by organisms
ȱ ¢ȱ ȱ ȱ ȱ ¢ȱ ȱ ǯȱ
Macroalgae and macrophytes will transport the cells during their 
passive dispersal through water currents and animals. Actively 
ȱ ȱ ȱ ęȱǰȱ ǰȱ ȱ ȱ ȱ
can transport the cells internally (endozoochory) or externally 
(epizoochory). For freshwater habitats several organisms have been 
shown to contain living diatoms in or on their bodies. Fish guts 
ȱ ȱ ȱ ȱ ǻǰȱ ŗşŚŖǼǰȱ ȱ ȱ ȱ
is restricted to the watercourse. Less restricted but still over short 
distances is external transport on water beetles (Migula, 1888), while 
ȱȱȱȱǻȱȱŞśŖȱǼȱȱȱ¢ȱ
ȱ ¡¢ȱ ȱ ȱ Ěȱȱ ǻȱ et al., 1966) and aquatic 
ȱ ǻ··Ȭǰȱ ŗşřŞǼǯȱ 
 ǰȱ ȱ ȱ ȱ
dispersers of freshwater algae are waterfowl (Kristiansen, 1996; 
	ȱǭȱǰȱŘŖŖśǼȱ ȱȱ¢ȱ ȱȱ¢ȱȱ
ŘŖȬřŖȱȱȱ ȱȱȱ ȱȱȱȱ ǻ	ȱǭȱ
ǰȱŘŖŖśǼǯȱ¡¢ǰȱȱȱȱȱȱȱȱ
ǰȱȱȱȱȱȱǻǰȱŗşŜŖǲȱȱ	ȱǻŗŞŞŞǼȱ
in Kristiansen, 1996), but algal cells having slime sheets or forming 
ȱȱ¢ȱȱ¢ȱȱȱȱǻǰȱŗşŜŖǼȱ
because desiccation during external transport limits the survival of 
ȱȱǻȱǭȱ	ǰȱŘŖŖŘǼǯȱȱȱȱȱ
ȱ  ȱ ȱ ȱ ȱ ǻǰȱ ŗşśşǼǰȱ ȱ ȱ
diatoms already die when the moisture content of the surrounding 
ȱȱ ȱ śŖƖȱ ǻǰȱ ŗşśşǼǰȱ ȱ ȱȱ ȱ
rarely longer than 30 minutes on the feet of ducks, decreasing the 
¢ȱȱȱȱȱ¢ȱȱ ¢ȱǻǰȱŗşŜŖǼǯ
ȱ ȱ ěȱȱ ȱ ȱ ¢ȱ   ǰȱ ȱ ȱ
through the guts should be survived, which depends on the physical, 
chemical and bacterial components of the birds gut, but also on 
the thickness and composition of the cell wall of the dispersed cell 
ǻǰȱ ŗşşŜǲȱ ȱ ǭȱ ǰȱ ŘŖŖŘǲȱ 	ȱ ǭȱ
ǰȱŘŖŖśǼǯȱȱȱȱ ȱȱȱȱȱȱ
guts lies however much lower than the amount of algae carried 
¡¢ȱǻǰȱŗşŜŖǼȱȱȱȱęȱȱȱȱȱ
only a single survived digestion experiments (Atkinson, 1971). 
However, internal transport could occur over longer distances than 
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external transport (Proctor, 1966), and living Asterionella Hassall has 
been found in faeces two hours after feeding, corresponding to a 
ĚȱȱȱŘŘŖȱȱǻǰȱŗşŞŖǼǯȱ
Also humans disperse microalgae and diatoms between 
ȱ ȱȱ ȱȱ¡ȱęȱȱȱȱ ǻ¢ȱ
ǭȱ ǰȱ ŗşŞŞǼȱ ȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ
£ȱȱǻǰȱŗşśŗǼǯȱ¢ǰȱȱȱȱ
indications that diatoms are internally and externally transported by 
various organisms, but knowledge on the frequency and distance of 
transport (Figuerola et al.ǰȱŘŖŖśǼǰȱȱȱȱȱȱȱ
ȱȱȱěȱȱȱǻȱǭȱǰȱ
2002) is extremely scarce.
Dispersal by air currents
In general it is assumed that wind transport plays an important 
role for the dispersal of microalgae (Round, 1981; Chalmers et 
al.ǰȱ ŗşşŜǲȱ ǰȱ ŗşşŜǼǯȱ 
 ǰȱ ȱ ȱ Ĵȱȱ ȱ ȱ
predominantly terrestrial algae, including cyanobacteria, green algae 
and to lesser extent terrestrial diatoms, are transported through the 
air, while there is uncertainty on the frequency, distance and extent 
of aerial transport. Concerning diatoms, it is already longer known 
ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ǻ ǰȱ
ŗŞŚśǲȱȱǭȱǰȱŗşřśǲȱ¢ǰȱŗşŜŞǲȱ et al., 1996), 
ȱȱ ȱȱȱȱȱȱȱǯȱȱ
ȱǻŗşřŝǼǰȱȱǻŗşŜŗǰȱŗşŜŚǼǰȱ ȱet al.ȱǻŗşŜŚǼȱȱ¢Ȭ
Ocotla & Carrera (1993) assessed the presence of living microalgae 
and found predominantly cyanobacteria and coccoid green algae, 
besides some sporadic diatom cells from the genera Navicula Bory 
ȱȬǰȱ
ĵȱȱ	 ǰȱĵȱ Hassall and Melosira 
Agardh. Their conclusions are that principally green algae such 




mainly terrestrial taxa are recovered (Brown et al.ǰȱŗşŜŚǲȱ¢Ȭȱ
ǭȱǰȱŗşşřǼǯȱ
 ǰȱ	ȱǭȱ	ěȱȱǻŗşŜŜǼȱǰȱȱ
the typical green algae, a large amount of living diatom species in 
their air traps, qualitatively and quantitatively corresponding to 
the nearby situated river Havel. These data contradict the previous 
opinion that diatoms are not common in air currents, and that only 
a limited amount of taxa are found, but no data are given on the 
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Ȭǰȱ ȱ¡ȱ ȱȱ ȱ ȱȱ ȱ ȱǯȱ
ȱȱȱ¢ǰȱȱȱȱŗȱȱŘȱȱȱȱ
m³ are found, which is not much compared to the on average 142,3 
pollen per m³ (Brown et al., 1964; Tormo et al., 2001).
ȱ ȱȱ¢ȱȱȱȱȱȱȱ ȱȱ
ǻȱ ǭȱ 	ǰȱ ŘŖŖŗǼǯȱ ȱ ȱ ȱ ȱ ȱ
humidity, wind velocity and wind shearing, air temperature, 
atmospheric pressure and the occurrence of turbulences or eddies 
 ȱ ȱ ȱ ěȱȱ ȱ ȱ ȱ ȱ ǰȱ ȱ
period and distance it will remain in the air and move, and the 
moment of landing into a new patch. As dry soils are more wind 
ȱ ȱ Ĵȱȱ ȱ ǻǰȱ ŗşśŜǼǰȱ ȱ ȱȱ ȱ
predominantly terrestrial algae are found in the air, and that the 
highest abundances of dispersed algae are found in dryer periods 
ǻȱ ǰȱ ŗşřŝǲȱ  et al., 2001). Besides meteorological 
conditions, the intrinsic features of the transported organism will 
determine the ease to be picked up and transported by air currents 
(such as size, morphological characteristics, local population 




and cytological characteristics will enhance survival probabilities, 
ȱȱȱȱȱȱȱǻǰȱŗşŞŝǼǰȱȱȱ
in concentrations of pigments (Imshenetsky & Kondrateva, 1987) or 




1.4.3 Dispersal rates and probabilities
ȱĚȱȱȱȱȱȱȱȱȱ
only on its prevalence, but also on its rate. To be able to overcome 
ȱȱȱȱȱǰȱȱĚȱ ȱ ȱȱ
must be high enough to overcome genetic drift and selection. It 
is thus possible that very low levels of dispersal are not able to 
ȱ ȱ ěȱǯȱ ȱ ȱ  ȱ ȱ ȱ ȱ
local population abundances in the colonized patch, but also on 
the colonization and competition abilities of the colonizing cells. 
ȱ ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ěȱȱ
dispersal. However, based on the literature we can estimate their 
ȱ ȱ ǰȱ ȱ ȱ ęȱǰȱ ȱ ȱ ȱ ȱ
ěȱȱȱǯȱ
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First, terrestrial habitats are assumed to be less fragmented 
ȱȱȱǰȱȱȱ¢ȱȱěȱȱ
ȱȱȱǯȱǰȱ¢ȱȱȱ
are transported by air currents, whereas lacustrine diatoms will 
be transported by waterfowl, but the presence of living diatoms is 
for both vectors quite low. Based on the knowledge that diatoms 
are not very commonly transported by waterfowl and air currents 
(see above), we can assume that their dispersal rates will in general 
not be extremely high. Third, dispersal probabilities decrease with 
ǰȱ ȱ Ȭȱ ȱ ȱ ȱ  ȱ ȱ
ȱ ȱ ȱ ȱ Ȭȱ ǯȱ ȱ ȱ
assumptions, we can hypothesize that for both lacustrine and 
ȱ ȱ Ȭȱ ȱ ȱ ȱ ȱ Ĝȱȱ¢ȱ
ȱ ȱ ȱ ȱ ěȱȱ  ȱ ȱ
and prevent the formation of geographical structure, while dispersal 
over short distances does very likely occur. For terrestrial diatoms 
 ȱ ȱ ȱ ¢ȱ Ȭǰȱ  ȱ ¢£ȱ ȱ ¢ȱ
will disperse farther away than lacustrine diatoms due to the less 
fragmented terrestrial habitat and the occurrence of aerial dispersal, 
albeit not on a world wide scale, creating thus geographical structure 
on a somewhat broader scale.
1.5 Aims and thesis outline
The overall aim of this study is to improve our understanding of 
ȱȱȱȱȱȱȱȱĴȱȱ
in lacustrine and terrestrial diatoms. This is done by using multiple 
lines of evidence, including the analysis of large and regional 
ȱ ¢ȱ Ĵȱǰȱ Ȭȱ ¢ȱ ȱ ȱ
evidence, and ecophysiological studies. Our primary study region 
ȱ ȱ ȱ ȱ Ȭȱ ǯȱ ȱ ȱ
ȱ ¢ȱ Ȭȱ ȱ Ěȱȱ ȱ ȱ ȱ ȱ
geographical isolation of many habitats, this region is amenable to 
ȱǰȱȱȱȱȱȱǰȱȬ
 ȱȱȱ¢ȱĴȱȱȱ¢ȱ ȱȱȱ
 ȱ ȱ ¢ȱ  Ȭȱ ȱ ȱ ȱ
¢ȱȱȱȱȱ£ȱȱǽŜśǯśȱȱ¢ȱǻǼȱȱ
till present] during which the pennate diatoms radiated.
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The thesis is organized in an introduction, three parts with our main 
research results, and a general discussion:
INTRODUCTION
ǐȱChapter 1 gives a general introduction on biogeography 
and microbial biogeography, and focuses further on diatom 
biogeography, species diversity and the interaction of dispersal 
probabilities and stress tolerance.
PART 1: PATTERNS IN DIATOM DISTRIBUTION
ǐȱIn Chapter 2 we combine analyses of biogeographical 
Ĵȱȱ ȱȱ ȱȱ ǰȱ ȱ ȱ ȱ ȱ Ȭ
calibrated molecular phylogeny to provide evidence that adaptive 
radiations through allopatric speciation, survival in glacial refugia, 
and regional extinction operate in microorganisms at similar 
spatial and temporal scales as observed in macroscopic organisms. 
ȱęȱȱ¢ȱ ȱ ȱ ȱȱ ȱȱ
biogeography that diatoms are not limited in their dispersal and 
consequently do not have biogeographies.
ǐȱIn Chapter 3 we examine if terrestrial and lacustrine diatoms 
 ȱ ěȱȱ Ĵȱȱ ȱ ȱ ȱ ȱ ȱ ȱ




decrease over space for both terrestrial and aquatic habitats, but no 
ęȱȱ ěȱȱ ȱ ȱ  ȱ ǯȱ ¢ȱ ȱ ȱ
ȱǰȱ ȱǰȱȱȱȱȱęȱ¢ȱ
lower turnover between sites, suggesting higher dispersal rates and/
or broader niches for terrestrial diatoms. 
PART 2: SPECIATION IN TIME AND SPACE
ǐȱTo further explore the importance of time in speciation events, 
ȱ ȱ ȱ ȱ Ĵȱǰȱ  ȱ ȱ ȱ
Chapter 4ȱȱȬȱ¢¢ȱȱȱȱȱPinnularia 
Ehrenberg, and calibrate it in time using fossil material. Our analysis 




clades have dispersed successfully worldwide.
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ǐȱȱ Ȭȱ ¢¢ȱ ȱ ȱ ȱ Pinnularia from 
chapter 4 allows us to investigate the evolution of morphological 
characters and to compare the phylogenetic signal present in 
genetic and morphological data in Chapter 5. This is done by using 
ancestral state reconstruction of the morphological data and by 
performing cladistic analyses on the morphological data. While some 
ȱȱȱȱȱȱȱěȱȱ
clades, other character states were restricted to a certain clade. The 
ȱ ȱ  ȱ ȱ ȱ ȱ ȱ ęȱȱ
relationships, but only the genetic data are able to fully resolve these 
relationships. However, similar clades are recovered, indicating that 
a similar phylogenetic signal is present in both datasets. 
ǐȱIn Chapter 6 we select the cosmopolitan terrestrial 
morphospecies Pinnularia borealis Ehrenberg and 
ĵȱȱ
amphioxysȱǻǼȱ	 ȱȱȱȱȱȱȱ
ěȱȱ  ȱȱ ȱ Ȭȱ ȱ ȱ
the plastid marker rbcȱȱȱȱȱŘŞȱǯȱȱȱ
the divergences of P. borealisȱ ȱ ȱȱ Ȭȱȱ ȱ
ȬȱȱȱȱPinnulariaǯȱȱȱȱěȱȱ
ȱ ȱ ȱ  ȱ ¢ȱ ěȱȱ ȱ
for both taxa. The results indicate that in both taxa the Antarctic 
ȱ ȱ¢ȱȱ¢ȱěȱǰȱȱ
the occurrence of allopatric speciation on the Antarctic.
PART 3: TOLERANCE LEVELS FOR DISPERSAL-RELATED 
STRESSES
ǐȱIn Chapter 7 we investigate for a selection of benthic 
freshwater and terrestrial diatom strains the tolerance levels of 
ȱ ȱ ȱ  ȱ Ȭȱ ȱ ǰȱ ¢ȱ
desiccation and extreme temperatures. We observe a very high 
sensitivity of both aquatic and terrestrial diatoms for desiccation, 
while terrestrial diatoms are more tolerant for extreme temperatures.
ǐȱBecause resting stages are in many organisms the dominant 
dispersing stages, we analyze in Chapter 8 the tolerance levels 
of diatom resting cells for desiccation and freezing, and this for a 
selection of taxa occurring over a gradient from permanent aquatic 
habitats to terrestrial soils. While all taxa formed resting stages, only 
those from species that occurred mainly or exclusively outside water 
bodies were tolerant for desiccation and freezing, showing that 
terrestrial diatoms are adapted to their environment, and increasing 
their dispersal probabilities compared to aquatic diatoms.
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GENERAL DISCUSSION
ǐȱIn Chapter 9 the results of the previous chapters are 
discussed in the general framework of biogeography and dispersal 
probabilities.
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29Interhemispheric contrasts in diatom diversity
2.
Poles apart: Interhemispheric 
contrasts in diatom diversity driven by 
climate and tectonics
Elie Verleyen1, Bart Van de Vijver2ǰȱȱěȱ1, Koen Sabbe1, 
Dominic A. Hodgson3, Linda Nedbalová4, Pieter Vanormelingen1, 
Dermot Antoniades5 and Wim Vyverman1
ǐȱ 1 Ghent University, Protistology and Aquatic Ecology, 
Krijgslaan 281 S8, 9000 Gent, Belgium
ǐȱ 2 National Botanic Garden of Belgium, Domein van 
Bouchout, 1860 Meise, Belgium
ǐȱ 3 British Antarctic Survey, Natural Environment Research 
Council, High Cross Madingley Road, CB3 0ET, Cambridge, UK
ǐȱ 4 Charles University in Prague, Department of Ecology, 
²¤ȱŝǰȱŗŘŞȱŚŚȱȱŘǰȱ£ȱ
ǐȱ 5 	ȱȱÇȱ¢ȱęȱÇȱȱęȱǰȱàȱ
Limnología, Universidad de la República, Iguá 4225, CP11400, 
Montevideo, Uruguay
Ĵȱȱ
Contribution of CS: part of the statistical analysis and molecular 
phylogeny




ǰȱ ŘŖŖŝǼǰȱ Ěȱȱ ȱ ěȱȱ ȱ ȱ
history and landmass connectivity (Barnes et al.ǰȱŘŖŖŜǼǯȱȱǰȱ
ȱ ȱ ȱ ¢ȱ ǻ¢ǰȱ ŘŖŖŘǼȱ ȱ
that Arctic and Antarctic ecosystems should harbour the same 
microbial communities, with allopatric speciation being rare as a 
result of the ubiquitous dispersal of microbes. Here we show that, 
¢ȱȱȱǰȱĴȱȱȱ¢ȱȱȱȱ
ȱȱĚȱȱȱȱȱȱȱȱ¢ȱǯȱ
Antarctic communities are impoverished and imbalanced relative 
ȱȱȱǰȱȱȱ£ȱ¢ȱȱȱȱ
ǰȱȱȱȱ¢ȱȱȱȱȱȱ
taxa, an overrepresentation of terrestrial lineages, and a general 
paucity of globally successful genera. Comparison of contemporary 
ȱĚȱȱ ȱ ȱȱ ȱ ȱ ȱȱ
ȱ¢ȱȱęȱȱĴȱȱȱȱȱȱȱȱ
extinction during Neogene and Quaternary glacial maxima, in 
combination with radiations through allopatric speciation in glacial 
refugia. We propose that processes controlling the distribution and 
ęȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
and temporal scales as those for macroscopic organisms, leading to 
¢ȱȱȱĴȱǯ





particularly evident in polar terrestrial biota, where interhemispheric 
ěȱȱȱȱ¢ȱǻȱet al.ǰȱŘŖŖŗǼȱȱȱȱȱ
ęȱȱȱȱȱĚȱȱȱȱĴȱȱȱ
contemporary plant and animal biodiversity (Barnes et al.ǰȱ ŘŖŖŜǼǯȱ




Other species originated during the Holocene, or, alternatively, are 
descendents from the forest biota that occupied the Arctic during 
ȱȱ¢ȱǻĴȱȱǭȱǰȱŘŖŖřǼǯȱȱȱȱ
ice ages, many of these cold-adapted species probably proliferated 





high connectivity between landmasses of the Northern Hemisphere 
ȱȱȱȱȱȱǰȱȱ¡ȱȱȱȬ
ȱȱǻĴȱȱǭȱǰȱŘŖŖřǼǯȱ
In the Southern Hemisphere, by contrast, the isolated and 
fragmented nature of landmasses prevented such large-scale 
ȱȱȱȬȱǯȱȱȱ¢ȱ
have revealed that taxa started to diverge into endemic lineages 
through allopatric speciation shortly after the isolation of Antarctica 
from the other continents of the southern hemisphere (Convey 
ȱ ǯǰȱ ŘŖŖŞǼǯȱ¢ȱ ȱ ȱ ȱ ȱ ¡ȱ ȱ ȱȬ
Miocene cooling event (ca.ȱŗŚȱǼǰȱ ȱȱȱȱȱȱ
advanced and full polar climate conditions were established (Lewis 
ȱǯǰȱŘŖŖŞǼǯȱȱȱȱȱ¢ȱȱȱȱ
Ěȱȱȱȱȱȱȱȱǻ¢ȱǭȱǰȱŘŖŖŝǼȱ




of dispersal limitation, allopatric speciation, and long-term tectonic 
and climate dynamics have been considered to be of minor 
relevance in shaping contemporary polar microbial communities. 
Interhemispheric contrasts in diatom diversity32
Indeed, prevailing theory predicts that similar habitats at both poles 
should share the same microbial communities as a result of their 
ȱȱ ȱ ǻ¢ǰȱ ŘŖŖŘǼǯȱ ȱ ȱ
factors are therefore believed to act as the major process structuring 
their metacommunities through lineage sorting (Van der Gucht 
et al.ǰȱ ŘŖŖŝǼȱ ȱ ȱ Ĵȱȱ Ěȱȱ ȱ ȱ
changes and tectonic processes are predicted to be absent (Martiny 
et al.ǰȱŘŖŖŜǼǯȱȱȱȱȱȱȱȱ
idea and revealed that dispersal limitation may lead to allopatric 
divergence of populations, which may ultimately result in the 
formation of new microbial species (Evans et al.ǰȱ ŘŖŖşǲȱ ¢ȱ
et al.ǰȱŘŖŗŖǼǯȱȱ ȱȱȱȱȱȱ
¡ȱȱȱȱȱȱȱȱĴȱȱȱ
diversity (Telford et al.ǰȱŘŖŖŜǲȱ¢ȱet al.ǰȱŘŖŖŝǼǰȱ¢ȱ
structure (Verleyen et al.ǰȱ ŘŖŖşǼȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱ ȱ ǻĵȱ ȱ et al.ǰȱ ŘŖŖŝǲȱȱ et al.ǰȱ ŘŖŖŝǼǯȱ
Here we test if speciation promoted by geographical isolation is 
ȱȱȱȱ ȱ ȱęȱȱȱȱȱȱȱ
ȱ ǯȱ ęȱ¢ǰȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ
predominant allopatric speciation, the greater degree of geographic 
ȱ ȱ ȱȱ




2.2 Results and discussion
ȱȱȱȱȱȱȱĚȱȱ ȱ¢ȱȱ
for possible variation in diatom assemblages due to limnological 
ěȱȱ  ȱ ȱ ȱ ȱ ǻǯȱ ŘǯŗǼǯȱ ȱ ȱ
 ȱ ȱ ęȱȱ ǰȱ ȱ ȱ ȱ Ěȱȱ ȱ ¢ȱ
ȱȱ ȱ ǻŗŘřȱ ȱ ȱ Şřȱ Ǽȱ ȱ
 ȱ ȱȱ ȱ ǻŘŘřȱ ȱ ȱ śŜȱ ǰȱ ǯȱ ŘǯŗǼǯȱ ȱ
ȱĚȱȱȱȱȱȱ ȱȱȱȱ ȱ
and abundantly present in the majority of the freshwater systems 
  ǯȱȱȱĚȱȱȱȱȱȱȱȱ
to typically terrestrial genera and globally successful genera are 
ǯȱ ȱ Ȭ¢ȱȱ ȱ Ěȱȱ ȱ ȱ
¢ȱ ěȱȱ ȱ ȱ ca. 14ȱȱ ȱ £ȱ ȱ
preserved in McMurdo Dry Valley deposits (Lewis et al.ǰȱ ŘŖŖŞǼǰȱ
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Fig.2.1 Number of species per diatom genus in Arctic and Antarctic lakes sharing the same 
limnological properties, showing the highly impoverished and disharmonic nature of the 
ȱȱĚȱǰȱ ȱȱ¢ȱȱȱȱȱȱȱȱ
ǯȱ ȱ ȱ Ěȱȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ¢ȱ  ȱ ȱ
successful genera.




assessed using a dataset of 392 Antarctic and sub-Antarctic freshwater 
ȱȱȱȱȱȱȱȱȱ
ȱ ȱ ǻǯȱ ŘǯŘǼȱ £ȱ ȱ ȱ ȱ
ǻ ȱǭȱ¢ǰȱ ŘŖŖŝǼǯȱȱ ¢ȱ ȱ ȱ ȱ
geographical structuring of diatom biodiversity is similar to that of 
ȱȱǻǯȱŘǯřǼǯȱǰȱȱȱ ȱȱ
¢ȱǻǯȱŘǯŘȱȱǯȱŘǯřǼȱȱȱȱȱȱ
provinces showed a high degree of endemism (i.e. 43%, 35% and 
51%, respectively, for Sub-Antarctica, maritime Antarctica and 
ȱǼǯȱ ȱ ȱ ¢ȱ ȱ ȱ Ĵȱȱ
ȱȱȱȱǻ ȱǭȱ¢ǰȱŘŖŖŝǼǰȱ ȱ
approximately 50% of the lichen, tardigrade and dipteran species are 
endemic to Antarctica, as are the majority of mites and springtails, 




with our second prediction, and by a time-calibrated phylogeny 
of the globally distributed morphospecies Pinnularia borealis. The 
molecular phylogeny demonstrates that continental Antarctic 
ȱȱȱȱȱȱȱȱȱŝǯŜŝȱȱȱ
ȱȱȱȱǻǯȱŘǯŚǼǯȱȱȱȱ ȱ ȱȱ
consequences. First, our morphology-based estimates of endemism 
ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱȬ
phylogenetic analyses are applied to other presumably ubiquitous 
¡ȱ ǻ£ȱet al.ǰȱŘŖŖŝǲȱȱet al.ǰȱŘŖŖşǼǯȱ¢ǰȱ ȱ ȱȱ
ęȱȱȱȱȱ¡ȱȱȱȱȱȱȱ
Antarctic springtails (Stevens et al.ǰȱŘŖŖŜǼȱȱȱǻȱet al., 
ŘŖŗŗǼǰȱȱ ȱ ȱȱ ȱ ȱȱ ǻȱet al., 
ŘŖŖŜǼǯȱ ȱęȱȱ ȱ ȱ¢ȱ ȱ¢ȱ
have occurred simultaneously in non-related groups of Antarctic 
organisms, in response to tectonic and climate change and increasing 
habitat fragmentation resulting from the expanding ice sheets. 
ȱȱȱȱȱȱȱĚȱǰȱȱȱ
levels of endemism and the timing of speciation all point to an 
ȱ¢ȱ¢ȱȱȱ ǰȱ£ȱ
¢ȱ ȱ ¡ȱ ȱ ¢ȱ ȱ ȱ ȱ  ȱ
genera, and selective survival of taxa in glacial refugia since the 
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Fig.2.2ȱȱȱȱȱ
ȱ ȱȱěȱȱȱȱ
ȱ ȱ ȱȱ ǻĴȱȱ Ǽȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ ȱ
versus endemic taxa. Maritime Antarctic species occur on the western side of the Antarctic 
Peninsula down to ca. 72°S and on the eastern side north of 65° S, as well as in the South 
Shetland and South Orkney islands. Continental Antarctic endemics are restricted to all 
other areas and islands of Antarctica south of 65°S. Sub-Antarctic endemics occur on the 
islands or island groups between 46° and 55° S. Antarctic endemics s.l. are restricted to the 
Southern Ocean region but occur in at least two provinces.
Fig.2.3 Biplot of a principle 
component analysis of Hellinger 
transformed species data 
 ȱ ȱ ěȱȱ  ȱ
the diatom communities of 392 
lakes and the congruence with 
the biogeographical zonation 
observed in multicellular taxa. The 
ȱǻǼȱȱȱ¡ȱȱ
the axes.
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Fig.2.4 Time-calibrated molecular phylogeny of the diatom morphospecies Pinnularia 
borealis showing a divergence of the continental Antarctic lineage (in boldǼȱȱȱ ȱ
European lineage around 7.67 Ma [1.95-14.77 Ma, 95% Highest Posterior Probability 
ȱ ǻ
ǼǾǰȱȱȱȱrbcȱȱȱȱǻŗȬŘȱǼȱ ȱ
ǯȱ ȱ ȱ ȱ ěȱȱ ¢ȱ ǯȱ ȱ ȱ ȱ ȱ
clones per lineage is given between brackets. Bars represent the 95% HPD intervals. The 
grey encircled nodes were time-constrained during the analysis.
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mid-Miocene cooling event, followed by widespread allopatric 
speciation. Moreover, we have shown that these processes operate 
at similar spatial and temporal scales as in macroscopic organisms. 
ȱ ȱ ȱ ȱ ¡ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱȱ¡ǰȱ ȱȱȱȱȱ
escaped glacial overriding were probably permanently covered with 
ȱ ȱ ǻ
 et al.ǰȱ ŘŖŖśǼǰȱȱ ȱȱȱȱ
ȱ ǯȱȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱȱȱȱȱ¢ȱǻ¢ǰȱŘŖŖŘǼȱȱ
have important implications for the response of polar microbial 
communities in the face of the accelerated rates of warming, which 
have already impacted on the primary productivity and functioning 
of lacustrine ecosystems (Quayle et al.ǰȱ ŘŖŖŘǼǯȱȱ ȱ ȱ
are particularly prone to extinction because of their restricted 
distribution in relatively small geographic regions, stringent 
ȱ ȱ ȱ ¢ȱ ¢ȱ ȱ ȱ ȱ ȱ
to protect them against the introduction of alien species is highly 
ęȱǯȱ
2.3 Materials and methods
Sample collection and diatom analysis
ȱ ȱ ǰȱ ȱ ȱ ȱ  ȱ ¡ȱ ȱ ȱ
deepest part using a gravity corer. Diatom samples were collected 
ȱ ȱ ȱ śȱ ǯȱ ȱ  ȱ ǰȱ  ȱ ȱ ȱ ȱ






ȱ ǻşśƖǼǯȱ ȱ ȱ ¢ǰȱ ȱ ȱ  ȱ
dried onto a glass coverslip, mounted in Naphrax® and studied 
ȱȱȱȱ ȱěȱȱȱǯȱ
ȱ ȱ ȱ ¢ǰȱ ¡£ȱ ȱ ȱ  ȱ
¢ȱ Ȭȱ ȱ ȱ ȱ ȱ ĴȱȬǰȱ ȱ
¡ȱ ȱȱȱȬŞŚŖȱȱȱŗśȱǯȱȱȱ
ȱ¢ǰȱŗŖȱΐȱȱȱ¡£ȱȱ ȱȱ
on formvar-coated copper slot grids. Grids were examined with a 
ȱȱŗŖŗŖȱȱȱŜŖȱǯȱ
The dataset was developed by combining newly obtained 
ȱ¢ȱ ȱ¡ȱȱǻȱȱŘǯŗǼǯȱȱ¢ȱ
diatom data consisted of enumerations of species relative abundances 
in surface sediment samples, each of which typically represents a 
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ȱȱȱ ȱȱȱȱȱȱȱȱȱ
habitats spanning several years. Between 400 and 600 specimens 
were counted per sample. Taxonomic consistency between datasets 
 ȱȱȱȱȱȱ¡ȱ ȱȱěȱȱ
analysts. When the identity of a species could not be determined 
with certainty it was considered to be a non-endemic. Hence the 
ȱȱȱȱȱȱȱȱ ¢ȱ ȱȱ
an underestimation. The geographic distribution of the diatom 
species was based on literature data provided with unambiguous 
illustrations and/or descriptions and our own observations. The 
endemic species were subdivided according to the biogeographical 
province in which they occur. 
For the bipolar comparison Eunotia and Gomphonema were 
excluded from the analysis because these genera are in need of 
taxonomic revision.
Time-calibrated molecular phylogeny
To develop a time-calibrated molecular phylogeny for Pinnularia 
borealisǰȱ śŗȱ ȱ ȱ ŝȱ ȱ  ȱ ǰȱ ǰȱ ȱ
ȱ ȱ ȱ ȱ ŗȬŘȱ ȱ ȱ ȱ ŘŞȱ ȱ ǻǼȱ
and plastid gene rbcȱ ȱ ȱ ȱ ȱ ȱ ěȱȱ et 
al. ǻĴȱǼǯȱRbcL was partitioned into codon position (1st +2nd 
Ǽǲȱȱ ȱȱȱȱ ȱǯȱȱȱ ȱ
ȱ ȱ  ȱ ȱ ȱ ȱ şśƖȱ ȱ ȱ ¢ȱ
ǻ
ǼȱȱȱȱȱȬȱȱȱPinnularia 
¢¢ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ǻěȱȱ
et al.ǰȱ ĴȱǼǯȱ ȱ ȱ  ȱ ȱ ǻ¢ȱ ȱ ȱ
ǯȱŘǯŚǼȱȱȱȱȱȱȱ ȱ ȱşśƖȱ
HPD. The outgroup consists of representatives of the most closely 
related Pinnulariaȱȱȱȱ¢ȱȱęȱȬȱȱ
phylogeny for the genus Pinnulariaȱǻěȱȱet al.ǰȱĴȱǼǯ




started by a UPGMA tree, were run for 100 million generations 
and sampled every 1,000th generation. Burn-in values of 30 to 40% 
 ȱȱȱȱǯŗǯśȱǻȱǭȱǰȱŘŖŖŝǼǯȱȱ
post-burn in trees were combined after which the maximum clade 
credibility chronogram with mean node heights was calculated 
using TreeAnnotator v.1.5.4.
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Statistical analysis
ȱ ȱ ȱ ¢ȱ  ȱ £ȱ ȱ ȱ
ȱ ȱ ǻ
ǰȱ ¢ȱ ȱ ȱ Ǽȱ  ȱ
ȱȱȱȱȱȱȱ ȱȱȱ
ȱǻǯȱŘǯŗǼǯȱȱȱȱȱ ȱȱȱ
 ȱ ȱ ȱ ȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ
analysis which resulted in the selection of 83 Antarctic and 56 Arctic 
 ȱ ǯȱ ȱ ȱ ȱ ¢ȱ ȱ 
ȱ
transformed relative abundance data was used to assess the 
ȱ£ȱȱȱȱĚȱȱȱȱȱǯȱ
All ordinations were performed in Canoco 4.5 for windows (Ter 
ǰȱŘŖŖŘǼǯ
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Fig. S2.2 Species accumulation 
curves showing the total number of 
ȱȱǻǼȱȱǰȱ
ȱ ǻǼȱ ȱ ȱ
lakes.
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Fig. S2.3 Species accumulation 
curves showing the total number of 
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Supplementary table
Table S1 References to the diatom datasets used.
* Indicate datasets which were newly developed for the present study
† Indicate datasets for which the taxonomy was revised 
Island/oasis Island group/region Province Reference to original 
dataset
Livingston Island† South Shetland Islands Maritime Antarctica Jones et al. 1993
Signy Island† South Orkney Islands Maritime Antarctica Jones et al. 1993
Beak Island* Prince Gustav Channel Maritime Antarctica Sterken et al. in prep.
James Ross Island* Prince Gustav Channel Maritime Antarctica Kopalová et al. in prep
Horseshoe Island* Marguerite Bay Maritime Antarctica Hodgson et al. in prep.
Pourquoi Pas Island* Marguerite Bay Maritime Antarctica Hodgson et al. in prep.
West Ongul Island* Lützow Holm Bay Continental Antarctica Tavernier et al. in prep.
Skarvsnes* Lützow Holm Bay Continental Antarctica Tavernier et al. in prep.
Schirmacher Oasis* Schirmacher Oasis Continental Antarctica Verleyen et al. in prep.
Vestfold Hills† Prydz Bay Continental Antarctica Roberts & McMinn 1996 
Bølingen Islands† Prydz Bay Continental Antarctica Sabbe et al. 2004
Larsemann Hills† Prydz Bay Continental Antarctica Verleyen et al. 2003
South Georgia South Georgia Sub-Antarctica – South 
Atlantic Ocean 
Van de Vijver & Beyens 
1996
Kerguelen Kerguelen Sub-Antarctica – South 
Indian Ocean
Van de Vijver et al. 
2001
Crozet Crozet Sub-Antarctica – South 
Indian Ocean
Van de Vijver & Beyens  
1999
Prince Edward Island Prince Edward Island Sub-Antarctica – South 
Indian Ocean
Van de Vijver et al. 
2008
Marion Island* Marion Island Sub-Antarctica – South 
Indian Ocean
Van de Vijver et al. 
2008
Heard Island Heard Island Sub-Antarctica – South 
Indian Ocean
Van de Vijver et al. 
2004
Ellef Ringnes Canadian Arctic Canadian Arctic Antoniades et al. 2008
Northern Ellesmere Canadian Arctic Canadian Arctic Antoniades et al. 2008
Prince Patrick Island Canadian Arctic Canadian Arctic Antoniades et al. 2008
43Interhemispheric contrasts in diatom diversity
Supplementary references of Table S1
Antoniades, D., Hamilton, P., Douglas, M.S.V. & Smol, J.P. (2008) 
Freshwater diatoms of the Canadian High Arctic Islands: Ellef Ringnes, northern 
Ellesmere and Prince Patrick islands. Iconographia Diatomologica 17. A.R.G. 
Gantner Verlag, Ruggell, 706 pp. 
Jones, V. J., Juggins, S. & Ellisevans, J. C. (1993) The relationship between 
water chemistry and surface sediment diatom assemblages in Maritime Antarctic 
lakes. Antarctic Science, 5, 339-348
Roberts, D. & McMinn, A. (1996) Relationships between surface sediment 
diatom assemblages and water chemistry gradients in saline lakes of the Vestfold 
Hills, Antarctica. Antarctic Science, 8, 331-341
Sabbe, K., Hodgson, D. A., Verleyen, E., Taton, A., Wilmotte, A., Vanhoutte, 
K. & Vyverman, W. (2004) Salinity, depth and the structure and composition of 
microbial mats in continental Antarctic lakes. Freshwater Biology 49:296-319
Sabbe, K., Verleyen, E., Hodgson, D.A., Vanhoutte, K. & Vyverman, W. 
%HQWKLFGLDWRPÀRUDRIIUHVKZDWHUDQGVDOLQHODNHVLQWKH/DUVHPDQQ+LOOV
and Rauer Islands, East Antarctica. Antarctic Science, 15, 227-248
Van de Vijver B. & Beyens L.(1996) Freshwater diatom communities of the 
Strømness Bay area, South Georgia. Antarctic Science, 8, 359-368
Van de Vijver B. & Beyens L.(1999) Freshwater diatoms from Ile de la 
Possession (Crozet Archipelago, Subantarctica): an ecological assessment. Polar 
Biology, 22, 178-188
Van de Vijver, B., Ledeganck, P. & Beyens, L. (2001) Habitat preferences in 
freshwater diatom communities from Kerguelen (TAAF, Subantarctica). Antarctic 
Science, 13, 28-36
Van de Vijver, B., Frenot, Y., Beyens, L. (2002) Freshwater Diatoms from Ile 
de la Possession (Crozet Archipelago, Subantarctica). Bibliotheca Diatomologica 
46. J. Cramer, Stutgart, 412 pp.
Van de Vijver, B., Beyens, L., Vincke, S. & Gremmen, N. (2004). Moss-
inhabiting diatom communities from Heard Island, sub-Antarctic. Polar Biology, 
27, 532-543
Van de Vijver, B., Gremmen, N. & Smith, V. (2008). Diatom communities 
from the sub-Antarctic Prince Edward Islands: diversity and distribution patterns. 
Polar Biology, 31, 795-808
Verleyen, E., Hodgson, D. A., Vyverman, W., Roberts, D., McMinn, A., 




45Species turnover of diatom communities
3.
Distance decay and species 
turnover in terrestrial and aquatic 
diatom communities across multiple 
spatial scales using three sub-
Antarctic islands: an exploratory 
study
ȱěȱ1, Bart Van de Vijver2, Niek J.M. Gremmen3, Pieter 
Vanormelingen1, Elie Verleyen1, Koen Sabbe1 and Wim Vyverman1
ǐȱ 1 Laboratory of Protistology and Aquatic Ecology, Ghent 
University, Krijgslaan 281 - S8, 9000 Gent, Belgium
ǐȱ 2 Department of Cryptogamy, National Botanic Garden of 
Belgium, Domein van Bouchout, 1860 Meise, Belgium
ǐȱ 3 Department of Spatial Ecology, Centre for Estuarine and 
Marine Ecology, P.O. Box 140, 4400 AC Yerseke, The Netherlands
Unpublished manuscript
Species turnover of diatom communities46
Abstract
The decrease in community similarity with geographical distance 
or “distance decay” is the result of various processes, including 
environmental species sorting and dispersal limitation. The relative 
ȱȱ ȱȱ ȱ ěȱȱ ȱ ȱȱ ȱǯȱ
For example, organisms with higher dispersal capacities will 
display shallower slopes. Terrestrial diatoms are assumed to have a 
higher dispersal potential than lacustrine diatoms due to the higher 
susceptibility to be picked up by air currents, the higher connectivity 
in their habitat, and/or their higher tolerances for desiccation. We 
tested this hypothesis for both habitats using a taxonomically 
intercalibrated dataset covering two South Indian Ocean archipelagos 
(Kerguelen and Crozet) and a South Atlantic Ocean island (South 
Georgia). Both terrestrial and aquatic diatom community similarities 
decrease with distance over intermediate (ca. 1,500 km) and large 
(ca.ȱŜǰŖŖŖȱǼȱȱǰȱȱ ȱ¢ȱ ȱ¢ȱęȱȱȱ
the largest scale for the terrestrial communities. The rate of distance 
¢ȱ ȱ ȱ ȱ  ȱ ȱ ęȱ¢ȱ ěȱȱ
from that in lacustrine communities at none of the spatial scales, 
ȱȱ ȱ ȱȱ ȱ ȱ ȱĚȱĴȱȱȱȱ
higher community similarities in terrestrial communities and the 
ęȱȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ
and/or broader niches for terrestrial diatoms. Within islands, species 
ȱǻΆȬ¢Ǽȱ ȱ¢ȱȱȱȱ ȱȱ
ȱȱȱ Ȭȱǻ΅Ǽȱ¢ǰȱ¢ȱĚȱȱȬ
ȱ ȱ ěȱȱ ȱ ȱ ȱ ȱ ȱ
¢ȱěȱǯȱ
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3.1 Introduction
Community similarity decreases with geographic distance. This 
ȱ Ĵȱȱȱ ȱ ¢ȱ ȱ ȱȱ ǻe.g. 
Nekola & White, 1999; Condit et al., 2002; Tuomisto et al., 2003; 
Wiersma & Urban, 2005), eukaryote microorganisms (e.g. Hillebrand 
et al., 2001; Green et al., 2004; Shurin et al., 2009) and even bacteria 
(e.g. Cho & Tiedje, 2000; Whitaker et al., 2003; Horner-Devine et al., 
2004). The decrease in similarity of communities with increasing 
ȱ Ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ȱǰȱȱȬ¢ȱǻĴȱǰȱŗşŜŖǰȱŗşŝŘǲȱȱ
et al., 2005), and is accounted for by at least three mechanisms. 
First, environmental characteristics change over distance causing a 
decrease in biotic similarity due to species sorting (Nekola & White, 
1999; Leibold et al., 2004). Second, limited dispersal capacity will 
result in a decrease in community similarity with distance (Hubbell, 
ŘŖŖŗǼǯȱǰȱȱȱȱěȱȱ¢ȱȱȱęȱȱ
of the landscape between patches, and the presence of dispersal 
barriers will result in a decrease in community similarity (Garcillan & 
Ezcurra, 2003). These three mechanisms are not mutually exclusive, 
and various data indicate that in most communities they jointly 
control distance decay (Tuomisto et al.ǰȱŘŖŖřǲȱĴȱǰȱŘŖŖśǼǯ
The rate (or slope) of spatial decrease in community similarity 
depends on several factors, including organismal features such 
as type of dispersal (passive vs. active) (Soininen et al.ǰȱ ŘŖŖŝǼǰȱ £ȱ
(Hillebrand et al., 2001; Soininen et al.ǰȱ ŘŖŖŝǼǰȱ ȱ ȱ
and formation of resting stages (Martiny et al., 2006) and dispersal 
ability (Ozinga et al., 2005), but also includes the spatial scale under 
study (Nekola & White, 1999; Soininen et al.ǰȱŘŖŖŝǼǰȱȱěȱȱ
and taxonomic resolution (Green & Bohannan, 2006; Soininen 
et al.ǰȱ ŘŖŖŝǼǰȱ ȱ ȱ ¢ȱ ǻǰȱ ȱ ȱ  Ǽȱ
ȱ ȱ ěȱȱ ȱ ȱ ęȱȱ ǻȱ et al.ǰȱ ŘŖŖŝǼǯȱ
Microorganisms are shown to have lower rates of distant decay 
than macroorganisms (Hillebrand et al., 2001; Green et al., 2004), but 
the lower taxonomic resolution used for microbial studies such as 
ȱȱȱȱȱȱȱěȱȱȱȱȱĴȱȱ
 ȱĚȱĴȱȱȱǻ	ȱǭȱǰȱŘŖŖŜǲȱ¢ȱet al., 2006). 
Similarly, terrestrial organisms have lower rates of distance decay 
than freshwater organisms, plausibly due to the more fragmented 
ęȱȱȱǰȱȱȱȱȱĚȱĴȱȱȱȱ
ȱ ȱ ȱ ȱ ěȱȱ ȱ ȱ ȱ
(Soininen et al.ǰȱŘŖŖŝǼǯȱȱȱȱȱȱȬȱ
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ǰȱ ęȱȱȬȱěȱȱȱ¡ǲȱ
however, knowledge on dispersal ability and niche is, in particular 
for microorganisms, mostly lacking (Martiny et al., 2006). Because 
distance decay unites several ecological phenomena, it is valuable 
for visualizing spatial turnover across sites and a starting point to 
ȱȱȱȱȱĴȱȱǻȱet al.ǰȱŘŖŖŝǼǯ
Lacustrine diatom community similarities are known to show 
distance decay (Hillebrand et al.ǰȱŘŖŖŗǲȱ£¢ǰȱŘŖŖŘǼǰȱȱȱęȱȱ
with results from multivariate studies showing that both spatial 
and local environmental factors shape these communities (Telford 
et al., 2006; Vyverman et al.ǰȱŘŖŖŝǲȱ¢ȱet al., 2009). Furthermore, 
recent studies on diatom biogeography revealed a high degree of 
endemism (Verleyen et al.ǰȱĴȱǼȱȱȱȱĚȱ ȱǻȱ
et al., 2009), indicating that dispersal limitation does play a role in 
shaping the distribution of lacustrine diatoms. This idea is further 
strengthened by reports that lacustrine diatoms are very sensitive 
ȱ ȱ ȱ ¡ȱ ȱ ǻěȱȱ et al., 2010; 
ěȱȱ et al., unpubl.), very likely decreasing their dispersal 
potential. All these data indicate that the biogeographies of lacustrine 
diatoms are shaped by the same factors as higher organisms, namely 
a combination of historical factors (climatic and environmental 
history, geological processes, evolutionary background, isolation 
and dispersal limitation) and local ecological factors (Lomolino, 
2010).
For terrestrial diatoms, however, much less is known. 
Terrestrial diatoms thrive in soils and on mosses, rocks, tree barks and 
other substrates (Round et al., 1990) and compared with lacustrine 
habitats such as ponds and lakes, which form islands in a matrix of 
unsuitable habitats, the availability of terrestrial habitats seems much 
higher and less fragmented (however, this could not apply to very 
ęȱȱȱȱȱȱǼȱ ȱȱȱȱȱȱ
by wind currents is more likely (Chepil, 1956). Furthermore, soil-
inhabiting diatoms are shown to be more tolerant for temperature 
¡ȱȱȱȱǻěȱȱet al., 2010) while their 
ȱȱȱȱȱȱȱǻěȱȱet al., unpubl. 
b), both potentially enhancing their dispersal capacity. Indeed, the 
small amount of viable diatom species reported from air traps are 
¢ȱȱ¡ȱǻȱǰȱŗşřŝǲȱǰȱŗşŜŗǲȱ
Brown et al., 1964; Schlichting, 1964; Roy-Ocotla & Carrera, 1993) 
while aquatic diatoms are only rarely encountered (but see Geissler 
ǭȱ	ěȱǰȱ ŗşŜŜǼǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ǰȱ ȱ
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higher susceptibility to aerial dispersal, and a higher tolerance to 
desiccation raises the probability that terrestrial diatoms have higher 
ȱĚȱ ǰȱȱȱȱȱȱȱȱ
than lacustrine diatoms (Spaulding et al., 2010). Despites these 
indications, no data are available on the dispersal and biogeography 
of terrestrial diatoms and no studies have yet explicitly compared 
ěȱȱ ȱ ȱ Ĵȱȱ ȱ ȱ ȱ ȱ
diatoms.
The only dataset available covering both lacustrine and 
terrestrial diatom communities is a survey from B. Van de Vijver 
& N.J.M. Gremmen on multiple sub-Antarctic islands. The 
sub-Antarctic region has had a minor human historical impact 
compared to other geographically less remote regions (Frenot et al., 
2001), being the rationale behind studying this area. Using oceanic 
islands for our study has the drawback that both the terrestrial 
and lacustrine habitats are equally fragmented on intermediate 
spatial scale. However, within each island the fragmentation level 
ȱ ȱ ȱ ȱ ȱ ȱ ěȱǰȱ  ȱ  ȱ
ȱ ěȱȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ
the framework of environmental variation or dispersal limitation. 
From this large dataset, we selected the data of the best sampled 
islands, being the archipelagos of Kerguelen, Crozet and South 
Georgia, to analyze the distance decay of terrestrial and aquatic 
diatom communities (Fig. 3.1). While the three archipelagos all lay 
between 55° and 46° S (South Georgia: 54°S; Îles Crozet: 46°S; Îles 
Kerguelen: 49°S; spanning a latitude comparable from mid-France 
ȱȱǼǰȱ¢ȱȱěȱȱȱȱǯȱȱ
Georgia, lying in the South Atlantic Ocean, is of continental origin 
and belongs to the Scotia island arch (related to the subduction of 
the South American Plate to its east), is geologically characterized by 
a gneiss and schist bedrock, and is colder than the two other islands 
(average annual temperature 1.85°C at Grytviken). The archipelagos 
of Crozet and Kerguelen are situated in the South Indian Ocean, 
are both of volcanic (hotspot) origin resulting in a basalt bedrock, 
ȱȱȱȱȱȱ ȱȱśǯśŜǚȱȱŚǯŝşǚȱ
(at Alfred Faure and Port-aux-Prince), respectively. South Georgia is 
the oldest island (min. 120 Ma), while Kerguelen (min. 40 Ma) and 
£ȱǻȱŞǯŝȱǼȱȱȱ¢ǯȱ
The South Atlantic Ocean and South Indian Ocean form two 
ȱ ȱ ǰȱ ȱ ȱ Ěȱȱ ȱ ȱ
ȱǻĴȱǰȱŗşŜŖǲȱ ȱǰȱŗşŞŚǲȱȱȱĴȱȱ
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et al., 2010). Situated 1,300 km (South Georgia), 2,500 km (Îles Crozet) 
and 3,900 km (Îles Kerguelen) from the nearest continent, these 
three islands are very isolated. The archipelagos of Kerguelen and 
Crozet, separated by 1,420 km ocean, are more similar in geological, 
ȱȱȱǰȱȱ¢ȱȱěȱȱ
in rainfall levels (Crozet: 2,400 mm/year; Kerguelen: >3,200 mm/
year on the west side, <800 mm/year on the east side) (Frenot et al., 
ŗşşŞǼǰȱȱȱǻ£ǱȱȱȱŗŚŝƸŗřŖȱŶǲȱǱȱŝǰŘŖŖȱ
ŶǼǰȱ ȱ ¡ȱ ȱ ǻ£Ǳȱ ŗǰŖśŖȱ ǲȱ Ǳȱ ŗǰŞśŖȱ
m) and therefore also in present ice cover (Crozet: 0%; Kerguelen: 
ŗŘƖǼȱ ǻ£ȱ ȱȱȱĴȱȱ et al., 2010). However, they 
both have a volcanic history with several outbreaks, and during the 
Last Glacial Maxima the lower parts of both archipelagos remained 
Ȭȱǻ ȱȱȱȱĴȱȱet al., 2010). A thorough study 
comparing the environmental variables on both islands is thus 
necessary before we can use these two archipelagos as a case-
¢ȱ ȱ ¡ȱ ěȱȱ ȱ ȱ ¢ȱ ȱ Ȭȱ
and lacustrine diatom communities at intermediate scale while 
assuming the availability of similar habitat types. Meanwhile, we 
can assume that the environmental conditions of Îles Crozet and 
Îles Kerguelen are more alike compared to South Georgia, which 
would result in more comparable diatom communities. The distance 
Fig. 3.1 Map of the South Polar Region including the Antarctic and sub-Antarctic. The 
island groups of South Georgia, Crozet and Kerguelen are indicated by grey boxes.
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between these South Indian Ocean Islands and South Georgia (5,900 
and 6,600 km from Crozet and Kerguelen, respectively) forms an 
ȱĴȱȱȱȱȱ¢ȱȱȱȱ
on even larger scales.
 Following the assumption that soil-inhabiting diatoms 
(termed “terrestrial” below) have larger dispersal abilities than 
lacustrine diatoms (termed “aquatic” below) we hypothesize 
that the terrestrial communities will be characterized by lower 
species turnover and higher community similarities than the 
aquatic communities 1) within islands; and 2) between Crozet and 
Kerguelen. However, due to the larger environmental variations 
and geographical distance between the South Indian and the South 
Atlantic Ocean, we predict that 3) both terrestrial and aquatic 
communities will display pronounced distance decays at this larger 
scale.
3.2 Materials & Methods
Sampling procedure
Samples were taken in such a way as to assure that all habitat types 
were included, across a wide range of altitudes, moisture levels 
and intensities of sea spray and manuring and animal trampling. 
In waterbodies such as lakes, pools and rivers, very wet mires 
ȱ ȱ ǰȱ ȱ Ĵȱȱ ȱ Ȧȱ  ȱ £ȱ
ȱ¢¢ȱ ȱ ȱ ȱ ȱĴȱȱ ȱęȱ¡ȱ ȱ řƖȱ
formaldehyde. A few moss plants were included in the sample. 
In drier habitats, bryophytes (or where these were absent, the top 
soil layer) were collected and air-dried in paper bags. In the case 
of seepage areas on rocks the algal mat was collected and air-dried. 
More information regarding the sampling can be found in Van de 
ȱǭȱ¢ȱǻŗşşŝǼǰȱȱȱȱet al. (2002; 2004b) and Van de 
Vijver & Mataloni (2008). 
Slide preparation and counting
Diatom samples for observation by light microscopy (LM) were 
ȱ ȱȱȱȱȱȱȱěȱȱǻŗşśśǼǯȱ
ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ¢ȱ ȱ řŝƖȱ 
ŘŘȱ
and heating to 80° C for about 1 h. The reaction was completed by 
addition of KMnO4. Following digestion and centrifugation (three 
ȱȱŗŖȱȱȱřǰŝŖŖȱ¡ȱǼǰȱȱȱ ȱȱ ȱ
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distilled water to avoid excessive concentrations of diatom valves on 
the slides. Cleaned diatom material was mounted in Naphrax®. The 
samples and slides are stored at the Department of Bryophytes and 
Thallophytes, National Botanic Garden of Belgium. In each sample, 
śŖŖȱ ȱ ȱ  ȱ ęȱȱ ȱ ȱ ȱ ȱ
ȱ ȱ ¡ŗǰŖŖŖȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ
¢ȱśŗȱǰȱȱ ȱěȱȱȱ
Contrast (Nomarski) and Colorview I Soft Imaging System. In some 
ǰȱȱȱĜȱȱȱȱȱȱǯȱȱȱȱ
several entire slides at x1,000, some samples yielded less than 250 





based on descriptions by Bourrelly & Manguin (1954), Le Cohu & 
Maillard (1983, 1986), Schmidt et al. (1990), Oppenheim (1994), Van 
de Vijver et al. (2002; 2004a) and Le Cohu (2005). Nomenclature 
follows Bukhtiyarova & Round (1996), Round & Bukhtiyarova 
(1996), Lange-Bertalot (2001) and Krammer (2000, 2002).
Data analysis
Based on the samples of Crozet, Kerguelen and South Georgia, a 
species list was compiled using presence-absence and relative 
abundance data. Sites were subdivided into “aquatic”, “terrestrial” 
and “semi-terrestrial” habitat classes. The aquatic class contained all 
permanent lakes. The terrestrial class contained all dry soil samples 
and thus the true soil-inhabiting diatom communities. All other 
ȱ ȱęȱȱȱȬǰȱȱ¢ȱȱȱ
types including peats and bogs, seepages and mosses. While aquatic 
sites are the least susceptible to dry out, semi-terrestrial habitats are 
intermediately susceptible to dry out, and terrestrial habitats are the 
most likely to undergo desiccation. Datasets of aquatic, terrestrial 
and semi-terrestrial sites were compiled for each island and analyzed 
separately.
Community similarity and distance decay
For each habitat class, pairwise community similarities of sites were 
calculated between sites 1) within islands, and 2) among the three 
ěȱȱ ȱ ȱ ȱ ȱ  ȱ ǯȱ ȱ
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were based on the Jaccard Index, using presence-absence data as 
we are mainly interested in dispersal limitation and therefore in 
the absence or presence of species. Similarities were calculated in 
R using the vegan package (Oksanen et al., 2011) after which the 
ǰȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¡ȱ
ȱ ȱȱȱ¡ȱǻȱĜȱȱǼǯȱěȱȱȱ
similarity between terrestrial and aquatic datasets were statistically 
ȱ ȱ Ȭȱ ǻȱ ŝǰȱ Ǽǯȱ ȱ ȱ Ȭȱ
comparisons, the median similarity values of the three islands were 
taken as replicates. For the among-island comparisons, we only 
compared between oceans (i.e. largest spatial scale); the median 
similarity values of the pairwise comparisons of Crozet vs. South 
Georgia and Kerguelen vs. South Georgia were taken as replicates. 
To analyze the distance decay per habitat class, similarities 
 ȱĴȱȱȱȱȱ ȱȱȱǯȱȱ
ȱ Ȭȱȱ ȱȱĴȱȱȱȱȱȱ
of 1 km because we had no data yet on the geographical coordinates 
of the individual sites. The median between-island similarities were 
Ĵȱȱȱȱȱȱ ȱȱȱǯȱȱȱ
of the straight lines connecting the median similarity values (per 
habitat class) for all between-island pairs were calculated using 
ȱȱȱ¡ȱǻȱĜȱȱȱŘŖŗŖǼȱȱ¢ȱ
transformed similarity and distance data. For the statistical analyses, 
the distance decay slopes for the data points of Kerguelen and Crozet 
were taken as replicates per distance comparison (intermediate and 
ȱ Ǽǯȱ ęȱȱ ȱ ȱ ěȱȱ  ȱ ȱ ȱ ȱ
the aquatic and terrestrial datasets was analyzed using t-tests in 
ȱŝȱǻǼǯ
Diversity partitioning
Diversity partitioning is a tool to partition the total diversity of a 
dataset or region (i.e.ȱ ·Ȭ¢Ǽȱ ȱ ȱ  ȱ ǰȱ ȱ
the average local (sample/site) diversity (i.e.ȱ ΅Ȭ¢Ǽȱ ȱ ȱ
average turnover in diversity between localities (samples/sites) (i.e. 
ΆȬ¢Ǽǯȱ	ȱȱȬȱ ȱȱ ȱ ȱ
ȱȱȱȱ¢ȱ¡ȱȱǯȱȱȱ ȱěȱȱ
diversity indices: species richness (Q=0) and Shannon diversity 
(Q=1). Based on the gamma and alpha-diversities, beta-diversity is 
ȱȱΆƽ·Ȭ΅ȱǻȱȱȱǼȱȱȱΆƽ·Ȧ΅ȱǻȱ
multiplicative species richness and for Shannon diversity) (Jost, 
ŘŖŖŝǼǯȱȱ¢ȱȱ ȱȱȱȱȱ
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ȱȱȱȱȱěȱȱȱǱȱŗǼȱ ȱ
islands, 2) among islands in each pairwise comparison, 3) among 
the South Indian Ocean (i.e. the combination of datasets from Crozet 
and Kerguelen) and the South Atlantic Ocean (i.e. South Georgia). 
Analyses were performed for each habitat class separately based on 
relative abundances using the software PARTITION v3 (Veech & 
Christ, 2009). Samples were not weighted, and randomization was 
individual-based using 1,000 randomizations. The “among islands” 
and “among oceans” analyses were hierarchically analyzed, such 




1996). Additive partitioning has the advantage over multiplicate 
ȱȱ ȱ ȱ ȱ ȱěȱȱ ȱ ȱ
be compared with each other and with the components of other 
communities (Lande, 1996; Veech et al., 2002). Shannon diversity 
can only be partitioned multiplicatively, and to make the alpha, beta 
and gamma components relate additively, we transformed these 




In total 556 samples were analyzed, containing a total of 339 species. 
The number of samples and number of species per island is given 
in Table 3.1. South Georgia was less intensively sampled, and we 
therefore predominantly focus on the island groups of Kerguelen 
ȱ£ǯȱȱȱȱ¢ȱȱȱȱěȱǰȱ
ȱ  ȱ ěȱȱ ȱ ȱ ȱȱ ȱ ǻȱ et al., 
ŘŖŖŝǼǯȱ
Similarities and distance decay of similarity




sites showed a lower median similarity compared with the terrestrial 
and semi-terrestrial sites when measured per island (Fig. 3.2 A; 
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Fig. 3.2 Percentages of community similarity (Jaccard Index) per habitat type summarized 
ǼȱȱȱȱȱǰȱȱǼȱȱ¡ȱȱȱȱȱěȱȱȱ
as replicates (within island similarities) or the pairwise similarities between South Georgia 
and Kerguelen respectively Crozet as replicates (between oceans similarities). * indicates 
ȱěȱȱȱ¢ȱ¢ȱȱǻp<0.05).
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ǯȱřǯřǼǯȱ
 ǰȱ ȱěȱȱ ȱ ȱȱȱ
¢ȱ ȱ  ȱ ȱ ¢ȱ ęȱȱ ǻp>0.05) 
(Fig. 3.2 B). 
At intermediate scale (i.e. when comparing Crozet and 
Kerguelen; ca. 1,500 km), the aquatic communities had again a 
lower similarity compared with the terrestrial and semi-terrestrial 
communities (Fig. 3.2 A; Fig. 3.3) but because no replicate island 
ȱ ȱȱȱȱȱęȱȱȱȱȱ
ǯȱȱ Ĵȱȱ ȱ ȱ ǻǯȱ řǯřǼǰȱ ȱ ȱ
Ȭȱ ȱ  ȱ ȱ ĚȱĴȱȱ ¢ȱ ȱ ¢ǰȱ
while the aquatic communities decreased stronger in similarity, but 
the slopes of the linear regressions between similarity and distance 
ǻȱřǯŘǼȱȱȱěȱȱęȱ¢ȱ ȱȱ¢ȱǻp>0.05). 
At the largest spatial scale when comparing the South Indian 
Ocean islands (Crozet and Kerguelen) with the South Atlantic Ocean 
island South Georgia (ca. 6,000 km), similarities were very low 
Fig. 3.3 Graph showing median similarity (Jaccard Index) of the within-island and between-
ȱ¢ȱĴȱȱȱǯ
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for all habitat types (Fig. 3.2; Fig. 3.3). Among oceans, similarities 
decreased drastically for all habitat types, but more slowly for the 
aquatic communities (Table 3.2; Fig. 3.3), as their initial within-island 
ȱ ȱ  ǯȱǰȱ ȱ ęȱȱ ěȱȱ  ȱ
slopes were found (p>0.05).
Beta-diversity within islands
ȱ ȱ ǰȱ ȱ ȱ ¢ȱ  ȱ ȱ ǻ΅Ȭ¢Ǽȱ
 ȱ ęȱ¢ȱ  ȱ ȱ ȱ ȱ ¢ȱ  ȱ ȱ
ǻΆȬ¢ǰȱǼȱ ȱȱȱȱȱǻȱ
datasets: p=0.00001; terrestrial datasets: p=0.0168) (Fig. 3.4 A-B, 
Fig. 3.5 A, C), indicating that, compared to the total diversity 
ǻ·Ȭ¢Ǽȱǰȱȱȱȱȱ ȱȱȱ
ǰȱȱȱěȱȱ¢ȱȱȱȱǯȱȱĴȱȱ




accounts for abundances and evenness in the communities and can 
be interpreted as the chance that the next species is identical to the 
previous one. The opposite results based on species richness and the 
Shannon Index suggests that the large turnover in species based on 
species richness is mainly due to variations in absence or presence of 
ȱȱ ȱȱěȱȱǯȱȱȱȱ
ȱ  ȱΆȬ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ
ǻǯȱřǯŚȱȬǲȱǯȱřǯśȱȬǼǰȱȱȱ ȱȱęȱȱǻǯȱřǯśȱǰȱǲȱ
p>0.05).
Beta-diversity among islands on intermediate 
scale (ca. 1,500 km)
Focusing on Crozet and Kerguelen, a larger turnover in species is 
ȱ ȱȱȱȱǻΆŗǼȱȱ ȱȱ ȱȱ
ȱ ǻΆŘǼȱ ǻǯȱ řǯŜȱ Ȭǰȱ Ǽȱ ȱ ȱ ȱ ȱ ȱ
ȱ ¢ǯȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ǻ·Ȭ¢Ǽȱ
was thus more determined by the single islands, meaning that 
a large part of the diversity was already present on both islands. 
The terrestrial community had a lower turnover within islands 
ǻΆŗǼȱ ȱȱ ǰȱ ȱ¢ȱǯȱ
 ǰȱ
it had larger among-island turnover than the aquatic community 
when using species richness as diversity index (Fig. 3.6 B, left), and 
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lower among-island turnover when using Shannon diversity (Fig. 
3.6 C, left), which indicates that species turnover in the terrestrial 
communities was mainly due to changes in the rare taxa. However, 
because no replicate islands are available on this intermediate scale 
ȱȱęȱȱȱȱǯ
Beta-diversity among islands on larger scale (ca. 
6,000 km)
When looking individually at the turnover between South Georgia 
and Crozet respectively Kerguelen (Fig. 3.6 A-C, middle and right 
Ǽǰȱȱ ȱȱȱȱǻΆŘǼȱȱȱȱȱȱ
 ȱȱ ȱ£ȱ ǻęȱȱ ȱ ȱ Ǽȱ ȱ ȱ
ȱ ¢ǯȱ ȱȱȱ ȱȱȱǻΆŗǼǰȱ ȱ
communities had a lower species turnover between sites than aquatic 
ȱ ǻǯȱ řǯŜȱ ȬǼǰȱ  ȱ  ȱ ęȱȱ  ȱ ȱ
species richness (species richness p=0.0222, Shannon Index p=0.0545). 






observed for terrestrial communities was mainly due to variations in 
rare species. When giving more weight to abundances and evenness 
by using the Shannon Index, aquatic and terrestrial communities 





Beta-diversity among the South Atlantic and 
South Indian Ocean
When performing a hierarchical partitioning over the two oceans 
ǻǯȱ řǯŞȱȬǼǰȱ ȱ ȱĴȱȱ ȱ ȱ  ȱ ȱ ȱ
islands, but no replicate ocean combinations were available and 
ȱ ȱ ȱ ¢ȱ ȱ ȱ ǯȱ ȱ ΆŘȬ¢ǰȱ
the turnover in diversity between the oceans, tended to be larger 
for terrestrial communities than for aquatic communities and again 
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Fig. 3.4 Diversity 
partitioning within 
islands for each 
habitat type shown 
per island as absolute 
values of additive 
species richness (A) 
and percentages 
ȱ ȱ ·Ȭ¢ȱ
based on additive 
species richness 
(B) and Shannon 
Index (C). Total 
diversity consists 
ȱ ȱ ΅Ȭ¢ȱ
or average diversity 
within sites, and 
ΆȬ¢ȱ ȱ
average diversity 
between sites within 
the island. Aq = 
aquatic communities, 
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Fig. 3.5ȱ¡ȱȱȱ΅Ȭ¢ȱȱȱ Ȭȱ¢ȱǻǰȱǼȱȱΆȬ¢ȱȱ
average between-sites diversity (C, D) for the aquatic and terrestrial communities using the 
three islands Crozet, Kerguelen and South Georgia as replicates. Diversity was partitioned 
using species richness (A, C) and using Shannon Index (B, D).
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Fig. 3.6 Diversity 
p a r t i t i o n i n g 
among islands in 
the three pairwise 
combinations, shown 
per combination 
as absolute values 
of additive species 
richness (A) and 
percentages of the 
·Ȭ¢ȱ ȱ
on additive species 
richness (B) and 
Shannon Index (C) 
for the three habitat 
types. Total diversity 
ȱ ȱ ȱ ΅ŗȬ
diversity or average 
within-site diversity 
ȱ ǰȱ ΆŗȬ
diversity or average 
among-site diversity 
within each island, 
ȱ ΆŘȬ¢ȱ ȱ
average between-
island diversity. Aq = 
aquatic communities, 
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Fig. 3.7ȱ¡ȱȱȱΆŗȬ¢ȱȱȱ Ȭȱ¢ȱǻǰȱǼȱȱΆŘȬ¢ȱ
or average between-island diversity (C, D) for the aquatic and terrestrial communities using 
Kerguelen/Crozet versus South Georgia as replicates. Diversity was partitioned using 
ȱȱǻǰȱǼȱȱȱȱ¡ȱǻǰȱǼǯȱȘȱȱ¢ȱěȱȱ
datasets (p<0.05).
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Fig. 3.8 Diversity 
partitioning among 
the South Atlantic 
and South Indian 
oceans shown for 
the three habitat 
types as absolute 
values of additive 
species richness (A) 
and percentages 
ȱ ȱ ·Ȭ¢ȱ
based on additive 
species richness (B) 
and Shannon Index 
(C). Total diversity 
ȱ ȱ ȱ ΅ŗȬ
diversity or average 
within-site diversity 
ȱ ǰȱ ΆŗȬ
diversity or average 
among-site diversity 
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larger when using species richness compared to the Shannon Index. 
ȱΆŗȬ¢ǰȱȱȱ ȱȱ ȱȱǰȱ
was lower for the terrestrial habitat than for the aquatic habitat, and 
again lower when using Shannon Index.
3.4 Discussion
ȱȱ¢ȱ¢ȱęȱȱȱȱ¢ȱ ȱȱȱ
to test, and due to the lack of replicate data we were not able to 
statistically evaluate some observed trends. First, within the studied 
islands, terrestrial diatom communities had higher similarities and 





turnover of terrestrial communities within islands could be a result 
of the higher connectivity between the sites, lower environmental 
variation between the sites, broader niches of terrestrial diatoms, a 
higher dispersal ability of terrestrial diatoms over short distances, or 
a combination of these. While we were not able to disentangle these 
ȱȱȱǰȱȱĴȱȱȱȱȱȱ ȱ
results of a meta-analysis by Soininen et al.ȱǻŘŖŖŝǼȱȱȱȱ
smallest scale similarities were highest in the terrestrial realm and 
lowest for freshwater communities. 
 This higher similarity between terrestrial communities within 
islands is most likely related to the less fragmented terrestrial habitat 
matrix (Soininen et al.ǰȱŘŖŖŝǼǰȱȱȱȱȱȱ
and colonization probabilities and higher prevalence of terrestrial 
species. We can assume that this is also the case for diatoms because 
there are no a priori reasons to expect that terrestrial diatoms would 
have broader niches, or soils would be less variable with respect to 
the abiotic environment than lake sediments. The extent of variation 
in environmental conditions of dry soils and lakes could be assessed, 
 ǰȱ ȱ ȱ ǯȱ ǰȱ ȱ ęȱ¢ȱ
ȱȱǻΆȬ¢Ǽȱ ȱȱȱȱȱ
ȱȱȱ¢ȱ ȱȱǻ΅Ȭ¢Ǽȱȱȱȱ
of species sorting and environmental small-scale heterogeneity, 
ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ¢ȱ ěȱȱ ǻi.e.ȱ ęȱȱ ȱ
have an advantage and dominate the community) (Drake, 1991). 

 ǰȱȱ¢ȱěȱȱ ȱȱȱȱȱ¢ȱ
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between sites, except if a small number of species are dominant, 
more abundant and would therefore have higher dispersal rates 
ȱȱȱ ȱ ȱęȱȱ £ȱ ȱǯȱȱ  ȱ ȱ
in terrestrial communities could thus indicate higher dispersal rates 
Ȧȱȱ¢ȱěȱȱȱȱȱǯȱ
For all habitats, the turnover was higher when based on species 
richness than when based on the Shannon Index. Because species 
richness uses presence-absence data, it gives a disproportionally 
higher weight to rare species, while Shannon diversity also accounts 
for relative abundances and evenness of communities. The higher 
turnover based on species richness indicates that the rare species 
contribute most to the variations between sites.
In a second hypothesis we predicted that terrestrial communities 
would have lower turnover and higher similarities at intermediate 
spatial scales (ca. 1,500 km) between the island groups Kerguelen and 
Crozet when compared to the aquatic communities. Indeed, lower 
similarities were observed for the aquatic communities, but species 
ȱǻΆŘȬ¢Ǽȱ ȱȱȱ ȱ¢ȱ ȱȱȱ
terrestrial communities when using Shannon diversity and actually 
higher when using species richness (Fig. 3.6). Because no replicate 
island combinations were available at this intermediate scale the 
ȱ ęȱȱ ȱ ȱ ȱ ȱȱ ȱ ǯȱ ȱ
ȱȱĴȱȱȱ ȱȱǰȱȱ ȱ¢ȱ
between the aquatic sites could be the result of environmental 
ǰȱȱȱȱ¢ȱěȱǰȱ ȱȱȱ
similarities of terrestrial communities could be due to larger 
ȱǰȱȱȱěȱȱ ȱȱȱ
the two islands, or a more generalist life-style of terrestrial diatoms. 
	ȱȱȱǰȱĚȱȱȱȱ¢ȱ ȱȱ
archipelagos of Kerguelen and Crozet, it is possible that these island 
groups share similar terrestrial and aquatic habitat types (but as 
noted in the introduction, this should be further analyzed). Assumed 
ȱȱȱȱȱ ȱȱěȱȱȱ
aquatic and terrestrial sediments in a similar extent (as assumed in 
Hillebrand et al.ǰȱ ŘŖŖŗǼǰȱ ȱ ȱ¢£ȱ ȱ ȱěȱȱ
in similarity level between the aquatic and terrestrial communities 
could be a result of higher dispersal capacities of terrestrial diatoms 
due to higher habitat availability (or higher chance to arrive in a 
suitable patch), higher susceptibility to dispersal (Schlichting, 1961; 
Brown et al., 1964; Schlichting, 1964; Roy-Ocotla & Carrera, 1993) 
ȱ ȱ ȱ ȱ ȱ ǻěȱȱ et al., unpubl. b). 
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However, this should be further analyzed using environmental and 
community composition data.
ȱ ȱ Ĵȱȱ ȱ ȱ ȱ ȱ ȱ ȱ
richness and Shannon diversity among the terrestrial and aquatic 
communities of Crozet and Kerguelen needs to be interpreted in 
the light of what both indices account for.  As stated above, species 
richness gives a disproportionally higher weight to rare species. The 
lower turnover in terrestrial communities based on the Shannon 
diversity indicates that the dominant, abundant species in terrestrial 
ȱȱȱȱȱěȱȱȱȱȱǰȱ ȱ
it are mainly the rare species which account for the higher turnover 
between the islands detected using species richness. For aquatic 
communities, the opposite is true, and variation in community 
composition is thus mainly determined by the more abundant 
species. This could indicate that the distribution of aquatic species 
ȱȱĚȱȱ¢ȱȱǰȱȱȱ ȱ¢ȱȱ
ȱȱȱȱ ȱ¢ȱęȱȱȱȱȱȱ
at other sites. Alternatively, this could indicate that aquatic diatoms 
are more dispersal limited, and species that arrived by single, 
unlikely dispersal events will thrive at that location, but will not be 
able to be easily dispersed to a next, suitable lake, or that priority 
ěȱȱȱȱȱȱȱǯȱ
For the terrestrial communities, abundant species could be the 
ȱȱǰȱȱȱěȱȱȱȱ
 ȱȱȱȱȱȱȱȱ¢ȱęȱȱǯȱ
Alternatively, the abundant terrestrial species, by having larger 
population densities, are more likely to successfully disperse over 
the two islands, creating a low turnover in these dominant species, 
while the rare, less abundant species are less likely to successfully 
disperse.  Alternatively, it is possible that the rare terrestrial species 
are species that do not have high tolerances to dispersal, while the 
ȱ ȱǯȱȱĴȱȱ ȱ ȱ ȱ ȱ ȱ
range of possible mechanisms, it is not easy to interpret these and 
further study is needed to reveal the processes at work. However, 
ȱ Ĵȱȱ ȱ ęȱȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ
additional isolated islands.
In agreement with our last hypothesis, we observed a low 
community similarity between the South Indian Ocean and South 
Atlantic Ocean islands (ca. 6,000 km) and high distance decay 
for both terrestrial and lacustrine communities, which was only 
ęȱȱ ȱ ȱ ȱ ȱ ǻǯȱ řǯŘȱ Ǽǯȱ ȱ ȱ ȱ
Species turnover of diatom communities68
agreement with similar discontinuities over these oceans reported 
ȱȱȱǻȱȱĴȱȱet al., 2010), Coleoptera (Morrone, 
1998) and insects and birds (Greve et al., 2005), and the distinction of 
ȱȱȱȱ ȱȱȱǻĴȱǰȱ
ŗşŜŖǲȱ ȱǰȱŗşŞŚǲȱȱȱĴȱȱet al., 2010). The distribution 
of macroorganisms on the sub-Antarctic islands is determined by 
environmental variables such as temperature and geological features 
including island age and area, but also distance to the nearest 
continent and thus dispersal limitation (Chown et al., 1998). While 
 ȱȱȱȱȱȱĚȱȱȱȱȱȱ
variation on the distribution of terrestrial and aquatic diatoms yet 
(Borcard et al., 1992; Borcard & Legendre, 1994), recent studies on 
lacustrine diatom biogeography underscore the importance of 
ȱ ȱ ȱ ȱ ǰȱ ȱ ȱ Ěȱȱ
of dispersal limitation on diatom distribution (Telford et al., 2006; 
Vyverman et al.ǰȱ ŘŖŖŝǲȱ¢ȱ et al., 2009), and our data suggest 
that this also applies for the sub-Antarctic diatom communities.
It is clear that many questions still remain and need further 
study using additional replicate locations to enable statistical testing 
ȱȱȱĴȱǰȱȱȱȱȱȱ
data. While we focused on very isolated islands, it would be 
ȱȱȱȱĴȱȱ ȱȱȱȱ
communities in a more continuous landscape. Furthermore, the 
Ěȱȱȱȱȱȱȱȱȱȱ
communities should be assessed to elucidate to what degree the 
observed distance-decay relationship is related to environmental 
ȱȱȱȱȱȱěȱȱȱȱǲȱ
and many aspects of the ecology of soil-inhabiting diatoms are still 
 ǯȱȱȱęȱȱǰȱȱȱ ȱȱȱȱȱ
and lacustrine diatoms, distance does play a role in their distribution 
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Abstract
Pinnularia is an ecologically important and species-rich genus 
of freshwater diatoms (Bacillariophyceae) having considerable 
ȱ ȱ ȱ ¢ǯȱ ęȱȱ ¢ȱ
relationships were inferred for 36 Pinnulariaȱ¡ȱȱȱęȱȬȱ
dataset. A range of fossil taxa, including newly discovered Middle 
Eocene forms of Pinnularia, was used to calibrate a relaxed molecular 
clock analysis and investigate the temporal aspects of the genus’ 
ęȱǯȱȱȬȱȱȱȱȱ Ȭȱ
phylogeny of three major clades and several subclades that were 
frequently, but not universally, delimited by valve morphology. The 
genus Caloneisȱ ȱȱȱȱ¢ǰȱęȱȱǰȱȱ
currently delimited, this genus is not evolutionarily meaningful and 
should be merged with Pinnularia. The Pinnularia-Caloneis complex 
is estimated to have diverged between the Upper Cretaceous and 
the early Eocene, implying a ghost range of at least 10 million year 
(Ma) in the fossil record. This result predicts an earlier origin for the 
raphid diatoms, 10-35 Ma before that inferred by other published 
molecular clock studies. 
Key words: Molecular phylogenetics, relaxed molecular clock, fossil 
record, raphid diatoms, Pinnularia, Bacillariophyceae, Eocene
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4.1 Introduction
Diatoms are an extremely diverse group of unicellular algae that 
are uniquely characterized by a siliceous cell wall (the frustule) 
consisting of two valves (Round et al., 1990) and a diplontic life 
cycle involving gradual size reduction during vegetative divisions 
and rapid size restitution usually through sexual reproduction 
(Chepurnov et al., 2004). In the so-called pennate diatoms the valve 
Ĵȱȱȱ£ȱ¢ȱȱȱȱ¡ǰȱȱȱ
most cases the valve is elongate. Raphid pennate diatoms possess 
a longitudinal slit along the apical axis (the raphe) (Fig. 4.1), from 
which extracellular polymeric substances are exuded and used in 
locomotion and adhesion to the substratum (Round et al., 1990). 
The raphe is considered a derived character state that distinguishes 
the raphid diatoms from the more ancestral araphid pennate forms 
that lack this structure and the oldest known forms, the radially 
organized “centric” taxa (Sims et al., 2006). Based on fossil remains, 
ȱȱȱęȱȱ ȱ ȱ ȱȱȱ ǻca. 75 
Ma; Chambers, 1966; Hajós & Stradner, 1975), and the raphe-bearing 
ȱȱǰȱȱŝŖǯŜȮśśǯŞȱȱǻĴȱǰȱŗŞŞŜǲȱǰȱ
1889; Chacon-Baca et al., 2002; Singh et al., 2006). Monophyly of 
pennate diatoms as a whole, as well as the raphid pennates, has been 
documented using SSU rDNA and rbcL sequences (e.g. Kooistra et 
al., 2003; Sorhannus, 2004, 2007). Since their origin, raphid pennate 
ȱȱęȱȱ¢ȱȱȱȱȱ¢ȱ
of the over 200,000 extant species estimated to exist (Mann & Droop, 
1996), indicating the evolutionary advantages conferred by the 
raphe (Sims et al., 2006).
Despite the diversity and ecological success of raphid 
pennate diatoms, relatively few detailed molecular phylogenetic 
reconstructions exist. Phylogenies applied at genus to ordinal levels 
have yielded partly unsupported results (e.g. Bruder & Medlin, 
2008; Trobajo et al., 2009), in part due to very limited taxon sampling 
and the use of a limited number of genetic markers (Mann & Evans, 
2007). In addition, molecular phylogenies of individual genera have 
ȱ¢ȱȱȱęȱȱȱ¢ȱ¢ȱȱȱ
the elucidation of evolutionary relationships between lineages (e.g. 
Lundholm et al., 2006; Beszteri et al., 2007; Evans et al., 2008). Except 
for a few studies of diatoms as a whole, or the wider heterokont 
group (Kooistra & Medlin, 1996; Medlin et al., 1997; Sorhannus, 2007; 
Brown & Sorhannus, 2010), or even eukaryotes (Berney & Pawlowski, 
2006), there are no explicit time-calibrated phylogenies and few 
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analyses formalize the evolutionary associations between the timing 
ȱȱĴȱȱȱǰȱǰȱ¢ȱȦ
or reproductive strategies, life cycles and geographical distributions 
(but see Casteleyn et al., 2010). Furthermore, despite important 
ȱȱǰȱȱȱ ȱęȱȱȱ
raphid diatoms may be older than previously suspected (Siver & 
Wolfe, 2007; Siver et al., 2010), numerous gaps remain in the fossil 
record. As a result, the overall course of evolution in raphid pennate 
diatoms is not known and the relationships between many groups 
remain uncertain (Mann & Evans, 2007).
Pinnularia Ehrenberg (1843) is one of the most species-rich 
genera of raphid pennate diatoms, with 2462 taxon names present 
in Algaebase of which 412 are currently accepted  (Guiry & Guiry, 
2011). It occurs globally in freshwater habitats of varying pH and 
trophic status, and to a lesser extent in moist soils, peatlands, spring 
seeps and marine coastal environments (Round et al., 1990; Krammer, 
2000). Members of Pinnularia and the closely related genus Caloneis 
Cleve (1894) have linear-lanceolate, occasionally capitate valves 
with a central raphe system (Fig. 4.1) that terminates internally 
Fig. 4.1 Morphological variation in Pinnularia and representative illustrations of strains 
included in the multi-gene phylogeny. The valve construction of typical frustules belonging 
to the P. divergens group [strain (Tor7)c] is shown by scanning electron micrographs 
[outside (a), inside (b) and side (= girdle) view (c)]. Cultured and sequenced strains are 
illustrated by a series of light micrographs (d-x), divided, where appropriate, into subclades 
recovered in the phylogeny with vertical dashed lines. 
Clade A (d-f) includes Caloneis lauta (d) as well as P. divergens grade representatives 
(Tor7)c in (e) and (Tor1)b in (f). Clade B (g-p) includes the “grunowii” subclade (g-i) with 
Pinnularia sp. (Tor4)i in (g), P. subanglica Pin650 in (h), and P. cf. marchica (Ecrins4)
a in (i); the “nodosa” subclade (j-k) with P. acrosphaeria (Val1)b in (j) and P. nodosa 
Pin885 in (k); and the “subgibba” subclade (l-p) represented by P. parvulissima Pin887 
in (l), Pinnularia sp. “gibba-group” (Tor7)f in (m), P. subcapitata var. elongata (Wie)c 
in (n), P. sp.  (Tor4)r in (o), and Pinnularia sp. “gibba-group” (Tor8)b in (p). 
Clade C (q-x) comprises the “viridis” subclade (q-r) represented by P. neglectiformis 
Pin706 in (q) and P. viridiformis (Enc2)a in (r); with its sister P. acuminata Pin876 in 
(s); the “subcommutata” subclade (t) represented by P. subcommutata var. nonfasciata 
ŗŖȱȱǻǼǲȱȱȱȱȱ¢ȱęȱȱȱ Ȭęȱȱȱȱ¢ȱP. sp 
(Wie)a in (u); the “borealis-microstauron” subclade (v-w) including P. cf. microstauron 
(B2)c in (v) and P. borealis Alka1 in (w); and subclade C1 (x) represented by P. cf. 
altiplanensis (Tor11)b in (x). 
Live cells of Pinnularia sensu lato (i.e. including Caloneis) also show two distinct plastid 
arrangements, which are illustrated by light (y, a’, and b’) and laser-scanning confocal 
¢ȱȱȱĚȱȱȱǻ£ǰȱȂǼǯȱȱ¡ǰȱȱȱȱP. 
subcommutata and gibba taxa have parallel plastids on either side of the apical axis (y, 
£Ǽǰȱ ȱCaloneis silicula (a’) and P. grunowii (b’, c’) have plastids that are joined by a 
central bridge. See text for details. All scale bars are 10 μm, and images (d-x) are reproduced 
ȱȱȱęȱȱȱȱ£ȱȱ ȱ¡ǯ
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in helictoglossae at the poles (Fig. 4.1, b; Fig. 4.2, b, d, f, h). They 
possess two plate-like plastids (Fig. 4.1, y-z) or a single H-shaped 
plastid (Fig. 4.1, a’-c’). Pinnularia is characterized by the presence 
of a chambered, double-walled valve structure in which the outer 
surface is ornamented by multiple rows of small pores forming a 
multiseriate stria (detail in Fig. 4.2, c), while the inner wall of each 
chamber or alveolus is perforated by a large transapically elongate 
aperture (Fig. 4.1, b; Fig. 4.2, b,d,f,h) (Round et al., 1990). Caloneis is 
similar, except that the inner aperture is smaller and often circular, 
and sometimes there are two apertures per stria. Despite their species 
ǰȱ ȱ ¢ȱ ȱ ȱ ęȱȱ ȱ
freshwater and terrestrial ecosystems, the evolutionary relationships 
among Pinnularia and Caloneis species are poorly known. Bruder 
et al. (2008) constructed a molecular phylogeny of Pinnularia and 
Caloneis using 18S, 28S and rbcL genes for 15 species. However, this 
resulted in an overall low support for the clades, suggesting that 
a more exhaustive sampling with respect to both taxa and genetic 
markers is needed to produce a well-resolved phylogeny. 
ȱ ȱ ȱ ȱ ȱ ęȱȱ ȱPinnularia are 
also poorly documented, despite the fact that numerous fossils 
have been reported for the genus. To date, the oldest known 
diatoms reliably assigned to Pinnularia originate from the Wagon 
Gap Formation of Wyoming, U.S.A. (Lohman & Andrews, 1968). 
The age of these sediments is not known precisely because diatom-
containing sediment clasts have been redeposited in a carbonate 
conglomerate, but their age is situated between the Late Eocene 
and Early Oligocene (35-32 Ma). Dating from the same period, the 
Oamaru diatomite deposits also contain two species of Pinnularia 
(Desikachary & Sreelatha, 1989). From the Early Miocene on, diverse 
morphological types of Pinnularia are reported from freshwater 
Fig. 4.2 Supporting SEM micrographs showing the shape of the central raphe endings (left 
column: a, c, e, g) and the extension of the alveolar opening (right column: b, d, f, h). Central 
raphe endings can be linear (a, e), drop-like (c) or round (g). Linear raphe endings occur 
in Caloneis silicula (a), the subcommutata clade (e), P. acuminata, (Wie)a and P. cf. 
altiplanensis. Drop-like endings are present in clade B (c), the borealis-microstauron 
clade and the divergens group; while round endings occur in the viridiformis clade (g). 
The alveolar openings can be small (b), large (d, h) or intermediate (f). Small openings are 
typical for Caloneis silicula (b) but also occur in P. acrosphaeria; intermediate openings 
(f) occur in the subcommutata and viridiformis clades and P. acuminata; while large 
openings (d, h) are present in all other species, including the divergens group, clade B 
(without P. acrosphaeria), the borealis-microstauron clade with P. borealis (h) and the 
isolates (Wie)a and P. cf. altiplanensis. Scale bars represent 2 μm (a, b, c, e, g) and 5 μm 
(d, f, h).
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deposits or as freshwater inwash in marine deposits (for Miocene 
deposits including Pinnularia see for e.g. Pantocsek, 1886; Héribaud, 
1902; Hajós, 1986; Servant-Vildary et al., 1988; Vanlandingham, 1991; 
Ognjanova-Rumenova & Vass, 1998; Saint Martin & Saint Martin, 
2005; Yang et al., 2007; Lewis et al., 2008; Li et al., 2010). The origin 
of Pinnularia thus predates the Late Eocene, and the occurrence 
of several taxa within the Wagon Gap material suggests an even 
earlier origin for the genus. As such, despite the well-established 
ȱ ȱ ȱ ȱ ȱ ȱ ęȱȱ ȱ Pinnularia 
ȱěȱȱȱ ¢ǰȱ ȱȱ ȱȱȱ¢ȱ
scarce and too fragmentary to provide detailed information about 
ȱ ȱ ȱ ¢ȱ ęȱȱ ǯȱȱ ȱ ȱǰȱ ȱ
given that ghost lineages are anticipated to be common in algae in 
general and diatoms in particular (Brown & Sorhannus, 2010), it is 
particularly relevant to produce a well-resolved, time-calibrated 
phylogeny for this genus.
The goal of the present study is to reconstruct a molecular 
phylogeny for a representative selection of Pinnularia taxa 
spanning the morphological variability of the genus, and to infer 
a time-calibrated phylogeny constrained by accurately dated 
fossil representatives. To achieve this, we sequenced two nuclear 
markers (18S rDNA, 28S rDNA), two plastid markers (rbcL, psbA) 
and a mitochondrial marker (cox1) from 36 species of the genus 
and inferred phylogenies using partitioned models in a likelihood 
framework. We present new Pinnularia fossils from the Middle 
Eocene of Canada that are included as constraints in the relaxed 
molecular clock analyses.
4.2 Material and Methods
Taxon sampling
We selected strains belonging to 36 Pinnularia taxa (Tables 4.1-2), 
covering the range of morphological variation within the genus 
(Fig. 4.1). Because the relationship of Pinnularia and Caloneis remains 
ambiguous (Cox, 1988; Round et al., 1990; Mann, 2001; Bruder 
& Medlin, 2008; Bruder et al., 2008), we added three sequences of 
Caloneis. Five taxa from the genera Sellaphora, Eolimna and Mayamaea 
were selected as outgroups based on their apparent phylogenetic 
relatedness (Kooistra et al., 2003; Bruder & Medlin, 2008; Bruder 
et al., 2008; Evans et al., 2008). A list of the cultured and sequenced 
taxa is provided in Table 4.2, together with their geographical origin 
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and morphometric data. Summary photomicrographs of the strains 
considered are shown in Fig. 4.1, and more detailed morphological 
descriptions of living and oxidized material are presented elsewhere 
ǻěȱȱet al.ǰȱǯȱǼǯȱęȱȱȱȱȱȱ
(2000) for Pinnularia and Krammer and Lange-Bertalot (1986) for 
Caloneis. Voucher slides of oxidized material of all natural samples 
ȱȱȱȱȱ¡ȱȱęȱȱȱȱȱȱ
the Laboratory of Protistology & Aquatic Ecology (Ghent University) 
and are available upon request.
'1$H[WUDFWLRQDPSOL¿FDWLRQDQGVHTXHQFLQJ
DNA was extracted from centrifuged diatom cultures following 
Zwart et al. (1998) using a bead-beating method with phenol 
extraction and ethanol precipitation. After extraction, DNA was 
ęȱȱ  ȱ ȱ £țȱ ȱ Ȭȱ ¢ȱ ǻǼǯȱ
Sequences of the nuclear 18S and the D1-D2 region of 28S, the two 
plastid genes rbcL and psbA, and the mitochondrial gene cox1 were 
ęȱȱȱȱȱȱȱȱǻ et al., 
1994; Daugbjerg & Andersen, 1997; Guillou et al., 1999; Van Hannen 
et al., 1999; Yoon et al., 2002; Evans et al.ǰȱŘŖŖŝǲȱĴȱ et al., 2008). PCR 
ȱ ȱȱȱȱȱęȱȱȱǻǰȱ
Hilden, Germany) following the manufacturer’s instructions. The 
sequencing reaction was performed by cycle sequencing (initial step 
of 1 min at 96°C, 30 cycles of 10 s at 96°C, 10 s at 50°C and 1 min 
15 s at 60°C) using the ABI Prism BigDye V 3.1 Terminator Cycle 
Sequencing kit (Applied Biosystems). The resulting sequencing 
reaction products were analysed on a Perkin-Elmer ABI Prism 3100 
automated DNA sequencer (Applied Biosystems). Primer sequences 
of both PCR and sequencing reactions and PCR temperatures are 
listed in Appendix A.4. All newly generated sequences have been 
deposited in GenBank (Table 4.1). 
6HTXHQFHDOLJQPHQW
The sequences of 18S, 28S, rbcL, psbA and cox1 were edited separately 
and automatically aligned using ClustalW (Thompson et al., 1994), as 
implemented in BioEdit 7.0.3 (Hall, 1999). Plastid and mitochondrial 
markers aligned unambiguously without any gaps. The 18S and 28S 
alignments were corrected manually using the secondary structure 
of Toxarium undulatum (Alverson et al., 2006) and Apedinella radians 
(Ben Ali et al., 2001), respectively, after which ambiguously aligned 
regions were removed. 
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Model testing and phylogenetic analyses
Nine alternative partitioning strategies were tested: partitioning 
into genes, codon positions, stem and loop regions of rDNA regions, 
functionality and some combinations of these. Selection of a suitable 
ȱ ¢ȱ ȱ ȱ ȱ ȱ ěȱȱ ȱ  ȱ
based on the Bayesian Information Criterion (BIC, Schwarz, 1978). 
For each partitioning strategy six substitution models were optimized 
(JC, F81, K80, HKY, SYM, GTR) with or without a proportion of 
ȱ ȱ Ȧȱ ȱ ȱ ȱ ȱ ȱ
rate variation across sites. All parameters were unlinked between 
partitions. The preferred model and partitioning strategy was a GTR 
Ƹȱ̆Śȱȱ ȱŗŞȱȱŘŞȱȱȱȱȱȱǰȱ
while plastid and mitochondrial genes were separated by genome 
and were both partitioned into three codon positions. 
Single genes and the complete concatenated dataset were 
analysed by maximum likelihood phylogenetic inference using 
RAxML 7.2.6 (Stamatakis, 2006) under the preferred model and 
partition strategy with 10,000 independent tree searches from 
randomized MP starting trees. Maximum likelihood bootstrap 
analyses (Felsenstein, 1985) consisted of 1,000 replicates. Bayesian 
phylogenetic inference was carried out with MrBayes v.3.1.2 
(Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) 
under the same model and partitioning scheme. Using default 
Ĵȱǰȱ  ȱ ȱ ȱ  ȱ ȱ ¢ȱ ȱ
ȬȱȬȱȱȱ ȱȱȱęȱȱ
million generations for individual genes and 70 million generations 
for the concatenated dataset. Runs were sampled every 1,000th 
generation, and convergence and stationarity of the log-likelihood 
and parameter values was assessed using Tracer v.1.5 (Rambaut 
ǭȱǰȱŘŖŖŝǼǯȱȱęȱȱȱȱȱŗŖȱȱ
generations were discarded as burn-in for the single-gene and 
multi-gene analyses, respectively. Runs for psbA converged only 
when using a heating factor of 0.1. We therefore also analysed the 
concatenated dataset with a heating factor of both 0.2 and 0.1 but 
ȱ ěȱȱ ȱ ¢ǰȱ ȱ ȱ ȱ ȱ
 ȱǯȱȱȬȬȱȱȱȱěȱȱȱ ȱ
summarized and posterior probabilities (PPs) were calculated in 
MrBayes using the sumt command. All analyses were performed 
using the computer cluster Bioportal (Kumar et al., 2009).
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Fossil Pinnularia
In order to assist with the temporal calibration of the multi-gene 
phylogeny, we document a new fossil occurrence of the genus 
Pinnularia from Middle Eocene lacustrine facies in northwestern 
ǯȱ ȱ	ěȱȱ ȱ ȱ ¢ȱ ǻŜŚɃŚŞȂǰȱ ŗŗŖɃŖŚȂǼȱ
contains unpermineralized diatom-rich organic sediments, which 
ȱȱȬȱęȱȱȱȱȂȱȱǯȱȱ
sediments are dated between 40 and 48 Ma (Lutetian Stage), and 
ȱ¢ȱȱęȱȱȱȱȱȱȱ ȱ
diatom lineages (Siver & Wolfe, 2007; Wolfe & Siver, 2009; Siver et 
al.ǰȱŘŖŗŖǼǯȱȱ¡ȱȱȱ	ěȱȱPinnularia specimens 
is illustrated by a range of light and scanning electron micrographs 
(Fig. 4.3).
Relaxed molecular clock analysis 
A time-calibrated phylogeny was inferred using a relaxed molecular 
clock method as implemented in BEAST v.1.5.4 (Drummond & 
Rambaut, 2007). An uncorrelated lognormal clock model and Yule 
ȱȱ ȱęȱȱȱ ȱȱȱȱȱ
and models of sequence evolution used for the phylogenetic 
ǯȱ ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ
record were carried out to assess congruence between calibration 
points. The root node calibration prior was varied (uniform, gamma 
and truncated normal probability distribution), and all internal 
calibration points had a uniform prior (Ho & Phillips, 2009). All 
calibration points and strategies are summarized in Table 4.3 and 
fossil constraints are explained below. For each calibration strategy, 
three independent runs were carried out, starting from a user-
ęȱǰȱ£ȱȬȱȱȱȱȱŞȱ
(Sanderson, 2003) based on the ML tree of the phylogenetic analysis. 
Markov chains were run for 50 million generations and sampled every 
1,000 generations. Convergence and stationarity of log-likelihood 
and parameter values were assessed using Tracer v.1.5 (Rambaut 
& Drummond, 2007) and 10% of the generations were discarded 
as burn-in. The post-burn-in trees of three independent runs were 
combined, after which a maximum clade credibility chronogram 
with mean node heights was calculated with TreeAnnotator v.1.5.4. 
Fossil diatoms were used to calibrate the tree in geological 
time using the following constraints. The root node of Pinnularia was 
given a minimum age of 40 Ma following the recovery of Pinnularia 
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ȱ ȱ ȱ ȱ 	ěȱȱ ¢ȱ ǻǯȱ ŚǯřǼǯȱ  ȱ ěȱȱ
¡ȱȱȱ ȱǯȱȱęȱȱ¡ȱȱȱ
the root node was set at 100 Ma (Albian, Lower Cretaceous), based 
ȱȱȱȱȱȱĚȱȱȱȱȱȱ
sediments containing a range of centric morphologies but neither 
raphid nor araphid pennate taxa (Gersonde & Harwood, 1990; 
Harwood & Gersonde, 1990). This date can be assumed to be highly 
conservative, and therefore we also considered an alternate upper 
boundary for Pinnularia at 75 Ma (Campanian, Upper Cretaceous), 
the period for which the earliest araphid pennate diatoms have 
ȱęȱȱǻǰȱŗşŜŜǲȱ
àȱǭȱǰȱŗşŝśǼǯȱȱ
these fossils are abundant but not diverse, it is believed that araphid 
pennate forms had evolved only recently by this time (Sims et al., 
2006). Following this reasoning, we assume that raphid pennates 
had not yet evolved. 
Four internal calibration points were also used (Fig. 4.4), 
ȱ ȱ ęȱȬȱ ȱ ȱ ȱ ȱ
types or Baupläne recovered from late-Oligocene to mid-Miocene 
freshwater deposits. The following morphological types were 
used: diatoms morphologically similar to extant P. viridis (11.7 
Ma; Saint Martin & Saint Martin, 2005), P. mesolepta (11.7 Ma; Saint 
Martin & Saint Martin, 2005), P. nodosa (14.5 Ma; pers. comm. A. 
Menicucci) and P. borealis (13.0 Ma; Servant-Vildary et al., 1988). 
These fossil occurrences were used as minimum estimates for the 
node
Calibration scheme with age 
Constraints (Ma) Bauplan Reference
root A B C E
1 root node
min 40 40 40 40 40
Pinnularia spp. this study





min - 11.7 11.7 11.7 11.7
P. viridis Saint Martin & Saint Martin (2005)max - 40 40 40 40
3 nodosa acrospaeria
min - 14.5 14.5 14.5 14.5
P. nodosa pers. comm. A. Menicucimax - 40 40 40 40
4 grunowii mesolepta
min - - 11.7 11.7 -
P. mesolepta Saint Martin & Saint Martin (2005)max - - 40 40 -
5 borealis microstauron
min - - - 13 -
P. borealis Servant-Vidary et al. (1988)max - - - 70 -
Table 4.3: List of calibration points and alternative calibration schemes used to date 
the phylogenetic tree, with indication of the minimum (min) and maximum (max) age 
ǯȱȱȱȱȱȱȱȱȱ¢ȱȱǻǯȱŚǯŚǼǯ
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Fig. 4.3 Middle Eocene Pinnulariaȱȱȱȱ	ěȱȱȱȱȱ¢ȱ
with a minimum age of 40 Ma. In light microscopy, valve (a-c) and girdle (d) views illustrate 
morphologies consistent with the genus as currently circumscribed. Under scanning 
electron microscopy, the valve overview (e), close-ups of proximal (f) and distal external 
ȱȱǻǼǰȱȱ ȱȱȱȱȱȱǻȬǼȱȱȱǻǼȱȱȱȱęȱȱ
ȱ Ĝȱȱ¢ȱ ȱ ¡ȱ ǯȱȱȱ ȱȱ ȱȱȱǻǼȱ ȱ
directly comparable with numerous modern congeners, here shown is a representatives of 
the P. subgibba subclade [(Tor4)r] in (l). Scale bars are 10 μm (a-d), 20 μm (e), 5 μm (f,i,j), 
and 2 μm (g,h,k,l).
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Fig. 4.4 Phylogenetic relationships within the genus PinnulariaȱȱȱȱęȱȬȱ
DNA alignment using maximum likelihood under a partitioned model. Numbers at nodes 
indicate statistical support, ML bootstrap proportions - BI posterior probabilities (both given 
as percentages). Encircled numbers represent nodes constrained in the relaxed molecular 
clock analysis (see Table 4.3).
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corresponding Bauplan, thus constraining the MRCA (most recent 
common ancestor) of clades containing species within each of these 
ǻǯȱŚǯŚǼǯȱȱ¡ȱȱȱȱěȱȱ§ȱ ȱȱȱ
75 Ma when using the conservative calibration scheme, and 40 Ma 
for the less conservative calibration strategy. Although specimens 
originating from the Wagon Gap Formation clearly belong to 
Pinnularia (Lohman & Andrews, 1968), in the absence of electron 
ȱȱ¢ȱȱȱȱ ȱęȱȱ
to any of the modern morphological types used in our phylogeny. 
Linked to the uncertain dating of this locality, Wagon Gap Pinnularia 




4.1) and includes 4852 sites of which 1012 (21%) are parsimony-
informative. The most complete markers are 28S rDNA and rbcL (0 
of 44 missing), followed by 18S rDNA (4 sequences or 9% missing), 
psbA (8 or 18% missing) and cox1 (16 or 36% missing). The 18S 
rDNA sequences provided most characters (1706) followed by rbcL 
(1386), psbA (762), cox1 (615) and 28S rDNA (383). The percentage 
of parsimony-informative characters varied between genes, with 
the highest percentages for 28S rDNA (42%) and cox1 (37%), the 
lowest for psbA (10%), and 18S rDNA (18%) and rbcL (17%) being 
intermediate.
Phylogenetic relationships
¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ Ěȱǲȱ
therefore we show only the results of the concatenated analysis. 
Similarly, ML and BI analyses of the concatenated dataset produced 
identical topologies so we show only the ML phylogeny with both 
ML bootstrap support (BS) and BI posterior probabilities (PP) (Fig. 
4.4). Based on our concatenated dataset, taxa representing Pinnularia 
and Caloneis form a monophyletic group comprising three robustly 
supported clades that each contain several well-supported subclades. 
Clade A comprises Caloneis silicula, C. lauta, and two species of 
Pinnularia cf. divergens. No apparent morphological synapomorphies 
unite these taxa, Caloneis silicula being characterized by linear 
external central raphe endings (Fig. 4.2, a), small alveolar apertures 
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(Fig. 4.2, b) and parallel striae (Fig. 4.1, d), while the divergens-group 
has drop-like external central raphe endings (Fig. 4.2, c), large 
alveolar apertures (Fig. 4.2, d) and oblique striae (Fig. 4.1, e, f). 
Clade B includes small, linear Pinnularia species (Fig. 4.1, g–p) 
that have drop-like external central raphe endings (Fig. 4.2, c). Clade 
B is subdivided into three well-supported subclades: the grunowii, 
nodosa and subgibba subclades. The grunowii subclade contains P. 
grunowii, P. subanglica and P. marchica.  Species in this group contain 
a single H-shaped plastid with two pyrenoids (Fig. 4.1, b’-c’), 
 ǰȱ ȱ ȱ ¡ȱ ȱ ȱ ȱ ǻȱ ěȱȱ et al., 
unpubl. a, for detailed information) all other clades of the tree are 
characterized by two linear, strip-like plastids (Fig. 4.1, y–z). The 
nodosa subclade includes P. nodosa and P. acrosphaeria, which are 
both characterized by irregular wart-like structures on the external 
valve face (Fig. 4.1, j, k; detail in Fig. 2, c). The subgibba subclade 
ȱěȱȱȱȱP. subgibba, P. parvulissima, and 
P. subcapitata, all characterized by a combination of an elongated 
ȱȱ ȱȱȱǻȱȱȱ¢ȱęȱȱȱ ȱ
silica) and a broad, non-porous, central area (fascia) (Fig. 4.1, l–p). 
Clade C is composed of two subclades. Subclade C1 contains 
Caloneis budensis and Pinnularia cf. altiplanensis (Fig. 4.1, x), but is 
poorly supported (BS=56; PP=87). Subclade C2 is further subdivided 
into moderately to highly supported groups, all of which have 
characteristic morphologies. The borealis-microstauron group 
includes the P. borealis species complex, which is easily recognizable 
by its relatively broad cells and coarse striae (Fig. 4.1, w), and P. 
microstauron with its relatively robust shape and wedge-shaped 
ends (Fig. 4.1, v). The remaining groups (the subcommutata and 
viridiformis clades) contain large, elongated-elliptical species, with 
almost parallel striae and small central areas (Fig. 4.1, q-t), undulate 
¡ȱ ȱęȱǰȱ Ȭ£ȱȱȱ ǻǯȱ
4.2, f), and plastids without pyrenoids. The subcommutata group 
contains Pinnularia species with linear central raphe endings (Fig. 4.2, 
e) while species of the viridiformis group have round central raphe 
endings (Fig. 4.2, g) and a complex raphe system, visible as three 
parallel (Fig. 4.1, q) or twisting lines (Fig. 4.1, r) with light microcopy 
(Round et al., 1990; Krammer, 1992, 2000). Sister to the viridiformis and 
subcommutata groups is the isolate (Wie)a (Fig. 4.1, u), an undescribed 
Pinnularia species morphologically similar to P. microstauron. In the 
single-gene trees, (Wie)a is always retrieved in clade C, but with a 
closer (unsupported) relationship to the viridiformis-group based on 
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18S and 28S rDNA, or with a sister relationship to P. cf. divergens and 
P. borealis based on rbcL and psbA. 
Newly-observed fossil Pinnularia specimens
Pinnulariaȱ ȱ ȱ ȱ ȱ ȱ 	ěȱȱ ȱ
¢ȱ ȱȱĜȱȱ¢ȱȱȱȱȱȱ
ǯȱȱ ¢ȱ ȱ ȱ ȱ ȱ ȱǰȱ Ĝȱȱȱ
numbers have been observed to document their morphology in 
light and scanning electron microscopy (Fig. 4.3). The specimens are 
characterized by an alveolate valve structure (Fig. 4.3, k), placing 
ȱ ęȱ¢ȱ ȱ ȱ ȱ Pinnulariaǯȱ ǰȱ ȱ 	ěȱȱ
Pinnularia forms have large alveolar openings (Fig. 3, k), identical 
to the Pinnularia species from clades A, B, C1 and the microstauron-
borealis group of clade C (e.g. Fig. 4.3, l; Fig. 4.2, d,h). However, the 
particular combination of morphological characters of the fossil 
specimens, including wart-like structures on the valves (similar to 
P. acrosphaeria), the very wide axial area (similar to P. acuminata) and 
the distinctly lanceolate or “naviculoid” shape (not encountered in 
our species) meant that we were not able to place these specimens 
within a known Pinnularia Bauplan in the present phylogeny nor, 
to our knowledge, with any currently described species. Their 
distribution in samples spanning tens of meters of core, typically 
associated with chrysophyte and euglyphid siliceous microfossils 
and benthic eunotioid diatoms, and their occurrence within the 
mudstone matrix discounts the possibility that they are contaminants. 
ȱȱȱ¢ȱȱȱ¢ȱȱ	ěȱȱȱ
ȱ ȱ  ȱ ǻȱ ǭȱ ǰȱ ŘŖŖşǼǯȱ ȱ ǃŚŖȱ ȱ ȱ ǰȱ
these Pinnularia specimens represent the earliest known forms of 
Pinnularia, providing us with a fossil calibration point to constrain 
the basal node of our phylogeny temporally.
Time-calibrated phylogeny
ȱ ěȱȱ ȱ ȱ ¢£ȱ ȱ ȱ ȱ ȱ
identical relationships to the RAxML and MrBayes analyses with 




calibration schemes are given in Fig. 4.5. Estimates using the internal 
calibration points based on the frustule morphologies of viridis, 
nodosa and borealis were consistent with estimates using only a root 
calibration. However, adding the internal calibration point based on 
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Fig. 4.5 Resulting mean node ages (indicated 
as “x”; in Ma) and 95% HPD (error bars; 
in Ma) for nine of the alternative calibration 
ȱ ǻȱ ȱ ŚǯřǼǰȱ £ȱ ȱ ȱ
ěȱȱȱȱǻȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ŚǯŚǼǯȱ
The preferred calibration scheme used for 
ǯȱŚǯŜȱȱȱȱ¢ǯȱȃȄȱȱ
were only constrained on the root. Scheme 
C used a less conservative calibration, with 
a maximum of 75 Ma and all internal 
calibration points. Scheme E used a very 
conservative calibration with a maximum 
of 100 Ma and all internal calibration 
ǯȱȱĚȱȱȱȱȱȱ
on the grunowii-mesolepta Bauplan is 
¢ȱȱȱȱěȱȱ ȱȱ
estimations based on “root” and “scheme C” 
or “scheme E”.
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grunowii-mesolepta resulted in larger 95% HPD intervals and higher 
average node ages (plus 5–12 Ma) at all nodes. Using only the root 
constraint, the grunowii-mesolepta node is estimated as being 3.5–
12.6 Ma. Constraining this node to have a minimum age of 11.7 Ma 
therefore pushes its own time-estimate, and that of all other nodes, 
back in time (Fig. 4.5).  
Using the conservative maximum root age of 100 Ma resulted 
in a 7–11 Ma higher average root node age and a 12–20 Ma higher 
95% HPD maximum root age compared with the alternative 75 Ma 
maximum age boundary, but for the internal nodes, changes in 
mean age and 95% HPD were only 1–6 Ma. Furthermore, the use of 
ěȱȱ¢ȱȱȱȱȱȱǻǰȱ
ȱȱȱǼȱȱȱȱěȱȱȱ
average node ages and 95% HPD up to 6 Ma for the less-conservative 
75 Ma schemes and up to 10 Ma for the conservative 100 Ma scheme. 
Because the Eocene fossil record is so fragmentary, we chose the 
conservative uniform prior probability distribution as the preferred 
calibration strategy.
Fig. 4.6 presents our preferred relaxed molecular clock as 
applied to the Pinnularia phylogeny, constrained by all four internal 
calibration points (scheme C = viridis, borealis, nodosa and mesolepta), 
with the root age constrained between 40 and 75 Ma using a uniform 
distribution. This estimate places the origin of Pinnularia around 64 
Ma, between the Campanian and Early Eocene [75–50]. The Pinnularia 
complex began to diversify between the Maastrichtian and Middle 
Eocene 60 Ma [73–45] and continued through to the Pliocene, with no 
ȱȱȱȱȱȱęȱȱȱ¢ȱȱ
ǯȱȱȱ ȱȱęȱȱ¢ȱȱ ȱȮ
Eocene (respectively, 49 Ma [65–33] and 52 Ma [64–38]), while clade 




The current study presents a multi-gene phylogeny of the genus 
Pinnularia and extends the sampling of Bruder et al. (2008) three-
ǯȱȱęȱȬȱ¢ȱ¢ȱȱ Ȭȱ¢ȱ
tree, with Pinnularia and Caloneis resolved in a single monophyletic 
clade, in accordance with the results of Bruder and Medlin (2008) 
and Bruder et al. (2008). Our phylogeny shows that Caloneis (as 
Time-calibrated phylogeny of Pinnularia96
Fig. 4.6 Chronogram of the genus Pinnularia from a Bayesian relaxed molecular clock 
analysis performed with BEAST (Drummond and Rambaut, 2007), time-constrained by 
four internal fossil calibration points (viridis, borealis, nodosa and mesolepta) and a 40 
Ma minimum and 75 Ma maximum root age with uniform probability distribution (scheme 
Ǽȱȱȱȱȱȱȱȱ	ěȱȱȱǯȱȱȱȱȱȱȱ
ages and grey bars represent 95% HPD (highest probability density) intervals.
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¢ȱęȱǼȱ ȱ ȱ¢ǰȱ ȱ ȱ ȱ ȱ ȱ
were recovered in various places among the Pinnularia species. 
ȱęȱȱ ȱ ȱ ȱȱ¡ȱ ǻŗşŞŞǼǰȱȱ et al. (1990) 
and Mann (2001) who concluded that the current separation of 
Caloneis from Pinnularia was not supported by plastid and frustule 
structure. Cleve (1894) delimited Caloneis from Pinnularia using 
ȱ¢ǰȱȱȱĴȱȱȱ ȱǰȱȱ
ȱȱǰȱȱȱȱȱȱȱęȱǰȱȱ
and the presence of “longitudinal lines” (the margins of the alveolar 
apertures on the inner side of the valve) was not consistent. While 
Krammer & Lange-Bertalot (Krammer & Lange-Bertalot, 1986; 
Krammer, 1992) argued that Caloneis can indeed be distinguished 
from Pinnulariaȱȱȱȱęȱȱȱȱǰȱȱ
et al. (1990) suggested that, although Pinnularia–Caloneis is a natural 
group characterized by the double-walled, chambered (alveolated) 
valve structure, any split of the Pinnularia–Caloneis complex would 
not follow the traditional boundary between the two genera. 
Despite the fact that our molecular phylogeny contained only three 
Caloneis species, there is no apparent genetic boundary between 
Pinnularia and Caloneis. Nevertheless, ultrastructural characters, e.g. 
ȱ£ȱȱ ȱǰȱȦȱȱȱȱ¢ȱȱ
used, alongside molecular synapomorphies, to delimit groups or 
genera within this complex. However, much further genetic and 
morphological investigation of the Pinnularia–Caloneis complex 
ȱ ȱ ȱ ¢ȱ Ĵȱȱ ȱ ȱ ȱ ¢ȱ ȱ ǯȱ
Alternatively, subdivision could be considered unnecessary, given 
the highly characteristic general morphology of the complex. 
Pinnularia is a morphologically diverse genus and the 
ęȱȱȱȱȱȱęȱȬȱȱ¢ȱ
 ȱ ȱ Ĵȱǯȱ ȱ ȱ ȱ ȱ ǰȱ
well-supported clades that were also recovered with lower or no 
support in the concatenated (18S, 28S, rbcL) dataset of Bruder et al. 
(2008). With the exception of clade A, which contains two Caloneis 
species and the Pinnularia divergens group, the remaining clades are 
¢ȱ Ȭęȱǯȱ ȱȱȱȱPinnularia taxa of 
intermediate size that have a fascia, and is subdivided into three 
¢ȱȱȱ¢ȱ Ȭęȱȱǯȱȱ
structural similarities between P. acrosphaeria and P. nodosa have 
been described by Cleve (1895) and more recently by Krammer & 
Lange-Bertalot (1986). The grunowii and subgibba subclades are also 
 Ȭęȱȱ¢ȱ
Ȭȱȱȱȱ ȱǰȱ¢ǯȱ
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Clade C contains the larger and more robust forms of Pinnularia, and 
is subdivided into well-supported subclades, each with a distinct 
morphology. The combined viridiformis and subcommutata group, 
characterized by intermediate alveolar openings (Fig. 4.2, f), was 
previously described by Cleve (1895) as the Maiores and Complexae, 
and more recently as a single group by Krammer & Lange-Bertalot 
(1986). 
ȱ ȱ Ȭęȱȱ ȱ Ȭȱ ǰȱ ȱ
clusters are less easily interpreted. Some enigmatic relationships 
within clade A can only be further resolved and understood through 
additional taxon sampling. This is also the case for the positions 
of the undescribed species (Wie)a and P. cf. altiplanensis, and the 
relationship between P. microstauron and P. borealis. Because only a 
small subset of the described Pinnularia species were included in this 
analysis, it is plausible that they represent more elaborate clusters. 
Adding taxa in those parts of the tree could therefore improve our 
understanding of the evolution of morphological features. 
Evolution of the genus Pinnularia
Based on our preferred time-calibration, Pinnularia originated 
between the Campanian (Late Cretaceous, ca. 75 Ma) and Early 
Eocene (ca. 50 Ma). This estimate is 10 to 35 Ma older than the ca. 
40 Ma origin deduced from the chronogram of Sorhannus (2007). 

 ǰȱ ȱ ȱ ȱ ȱ Ĵȱȱ ¢ȱ  ȱ ȱ ȱ ȱ
divergences within major diatom lineages, and furthermore only 
two Pinnularia taxa were included and analyzed with a single 
genetic marker (nuclear-encoded SSU rDNA). More comprehensive 
taxon sampling (Sanderson, 1990), the use of multiple genes 
(Rodríguez-Trelles et al., 2003), and full integration of the fossil 
record (Donoghue & Benton, 2007) have all been shown to improve 
the accuracy of molecular dating. In the case of PinnulariaǰȱȱǃŚŖȱ
ȱ	ěȱȱȱ¢ȱȱȱȱȱȱȱ
estimated ages for the origination of the genus (i.e. Late Cretaceous). 
	ȱ ȱȱ ¢ȱ ȱ 	ěȱȱPinnularia forms to 
¡ȱ¡ǰȱ ȱȱęȱȱȱȱȱȱ¡ǯȱȱȱ
	ěȱȱȱǰȱȱǰȱȱȱȱȱ Ȭ
dated sediments, they do not inform the search for morphologically 
primitive Pinnularia, or its immediate ancestor.
The new estimate for the origin of Pinnularia implies a 
considerable gap in the fossil record of freshwater diatoms. The 
magnitude of this ghost lineage (ca. 10-35 Ma) should not be 
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surprising given that freshwater deposits are underrepresented and 
understudied in the palaeontological record. Similar gaps apply to 
nearly all extant raphid diatom lineages, and the scarcity of fossil 
raphid diatoms of Late Cretaceous to Paleocene age has resulted in 
a lack of consensus on plausible minimum ages for most genera (but 
see Singh et al.ǰȱŘŖŖŜǼǯȱȱȱȱĜȱȱȱȱȱȱȱ
age for Pinnularia in a broader context, although generally our 
observations are consistent with the preferred model of Berney & 
Pawlowski (2006), in which pennate diatoms arose some 98 (110–
77) Ma ago, leaving the entire Late Cretaceous for innovations such 
as the raphe. Apart from Pinnularia, no raphid diatom genera have 
yet been dated by phylogenetic methods, but the time-calibrated 
phylogeny of Sorhannus (2007) suggests that several raphid genera 
are as old as, or even older than, our estimate for Pinnularia.
Given the available fossil and phylogenetic records, our 
estimated timing of 60 Ma for the origin of Pinnularia seems 
plausible. Since its origin, Pinnulariaȱ ȱęȱȱ ¢ȱ ȱȱ
large number of species and a range of morphologies. The evolution 
of particular morphological innovations appears to have sparked the 
appearance of new lineages, such as the evolution of the “complex” 
raphe, which may have allowed the development of larger cells, as 
seen in the viridiformis group, or the evolution of H-shaped plastids 
in the grunowii group. Further research will be needed to integrate 
the ecological, morphological, genetic and evolutionary processes 
¢ȱȱęȱȱȱȱȱȱȱPinnularia. 
Our time-calibrated multi-gene phylogeny of Pinnulariaȱȱȱęȱȱ
important step towards this goal by providing a temporal context in 
 ȱȱȱȱęȱȱȱȱǰȱȱȱ¢ȱȱ
possible by integrating molecular and palaeontological information.
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Appendix 4.A
DNA regions, primer sequences and PCR conditions. F= 
forward, R= reverse.
DNA region Primer sequence PCR protocol (°C, min:sec)
18S rDNA P2F: CTG GTT GAT TCT GCC AGT
P4R : TGA TCC TTC YGC AGG TTC 
AC
P12: CGG CCA TGCACC ACC 
P14: CGG TAA TTC CAG CTC C 
P15 13: TTT GAC TCA ACA CGG G
P16: GWA TTA CCG CGG CKG CTG
94°C, 3:00 + 40 x (94°C, 1:00 – 
55°C, 1:00 – 72°C, 1:50) + 72°C, 
10:00
28S rDNA DIR-F: ACC CGC TGA ATT TAA GCA 
TA
D2C-R: CCT TGG TCC GTG TTT 
CAA GA
95°C, 5:00 + 35 x (94°C, 1:00 – 
45°C, 1:00 – 74°C, 1:00) + 72°C, 
10:00
rbcL DPrbcL1F: AAG GAG AAA THA ATG 
TCT
DPrbcL7R: AAC AAC CTT GTG TAA 
GTC TC
rbcL13F: CGT TTA GAA GAT ATG 
CGT ATT C
NDrbcL6F: GTA AAT GGA TGC GTA
NDrbcL12R: GCA CCT AAT AAT GG
15R: ACA CCA GAC ATA CGC ATC CA
17R: TGA CCA ATT GTA CCA CC
94°C, 3:00 + 40 x (94°C, 1:00 – 
55°C, 1:00 – 72°C, 1:50) + 72°C, 
5:00
psbA psbAF: ATG ACT GCT ACT TTA GAA 
AGA CG
psbAR: GCT AAA TCT ARW GGG 
AAG TTG TG
94°C, 3:00 + 35 x (94°C, 1:00 – 
46°C, 1:00 – 72°C, 1:00) + 72°C, 
10:00
cox1 GazF2: CAA CCA YAA AGA TAT WGG 
TAC
KedtmR: AAA CTT CWG GRT GAC 
CAA AAA
95°C, 3:00 + 35 x (95°C, 0:30 – 
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The diatom genus Pinnularia is characterized by broad variation in 
frustule and plastid morphology, making it an interesting genus 
in which to analyze the phylogenetic signal of these characters 
 ȱ ȱ ȱ ęȱȱ ǯȱ ȱ ȱ ȱ
cladistic analysis on 48 strains using 17 frustule and 3 plastid 
characters and made a comparison with a multi-gene phylogeny 
of the same taxa. Independent phylogenetic analyses of molecular 
and morphological data generated similar clades, and Mantel 
ȱ ȱ ȱ ęȱȱ ȱ  ȱ ȱ ȱ
ȱ ǯȱ 
 ǰȱ  ȱ ¢ȱ ȱ ȱ ęȱȱ
molecular markers containing in total 1012 parsimony-informative 
sites were fully resolved, the lower number of phylogenetically 
informative morphological characters inevitably resulted in fewer 
clades being recovered, and we were never able to fully resolve the 
ęȱȱȱȱPinnularia based on morphology. The 
ȱ ȱ ȱ ¢Ȭȱ ȱ ěȱȱ  ȱ
acquired by analyzing all morphological characters simultaneously. 
Mainly “non-structural” frustule characters were found to be 
homoplasious while “structural” characters (such as central raphe 
endings, raphe complexity and alveolus openings) and one plastid 
character (number of pyrenoids) were informative for reconstructing 
the phylogenetic relationships within the genus. Some problems of 
homology were encountered and are discussed. 
Key words: ancestral state reconstruction, Caloneis, cladistics, 




ȱ ¡¢ȱ ȱ ęȱȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ
Ȭęȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ  ǰȱ
revealed by light and scanning electron microscopy (Round et al., 
1990). To a lesser extent, cytological information, such as chloroplast 
morphology and organelle location, has been incorporated into 
diatom systematics (Mereschkowsky, 1902; Cox, 1981; Round et 
al., 1990; Cox & Williams, 2006). Genetic information in the form of 
nucleotide sequences from (parts of) faster and slower evolving genes 
are increasingly being used to infer relationships in this microalgal 
group (reviewed in Alverson, 2008), but as with morphology and 
cytology, there is the risk that some level of parallel evolution and 
convergence in base composition obscures the real relationships. 
For DNA nucleotides, the knowledge on their biological 
function (i.c. the coding of amino acids used to construct proteins) 
and chemical properties (e.g. the stronger hydrogen bound between 
guanine and cytosine than between adenine and thymine) allowed 
to model their evolution using mathematical language. By applying 
such models on a larger number of nucleotides originating from 
ěȱȱ ¡ǰȱ ȱ ¢ȱ ȱ  ȱ ȱ ¡ȱ
(including probability levels) can be estimated (Felsenstein, 2004). 
In contrast, morphological and cytological features are expected 
to be generated by the coordinated action of multiple genes (by 
analogy with higher plants, e.g. Mathur, 2006; Qian et al., 2009) 
making the selection of the used characters and character states, 
ȱ ȱȱěȱȱȱȱǰȱȱȱȱȱ
gains and losses of character states more ambiguous, and thus more 
prone to interpretational (e.g.ȱȱȱěȱȱȱȱȱ
ȱȱǰȱȱěȱȱǼȱȱ¢ȱǯȱ
Moreover, the low number of morphological characters commonly 
used to infer relationships (see for example Edgar & Theriot, 2004; 
Bleidorn et al., 2009; Kooistra et al., 2010 and compare the number of 
morphological characters with the number of nucleotides) enhances 
the impact of potentially misleading characters on the outcome, 
making the reconstruction of phylogenetic relationships based on 
morphological datasets very challenging.
Meanwhile, cladistic analyses have provided useful results at 
higher (intergeneric) (e.g. Kociolek & Stoermer, 1986; Cox & Williams, 
2000; Marivaux et al., 2004; Cox & Williams, 2006; Ohl & Spahn, 2010) 
and lower (intrageneric) taxonomic levels (e.g. Julius & Tanimura, 
2001; Uriz & Carballo, 2001; Edgar & Theriot, 2004; Kooistra et al., 
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2010). In addition, phylogenetic analysis of morphological datasets 
can provide insights into the phylogenetic signal and resolution of 
ěȱȱȱ¢ȱȱȱȱǻ¡ȱǭȱǰȱ
2000; Maximino, 2008), reveal the evolution of morphological stages 
(Maximino, 2008) and the selective pressure behind morphological 
evolution (Stark & O’grady, 2010). Morphology is also the link that 
allows the integration of fossil taxa and large molecular datasets 
(Edgar & Theriot, 2004; Smith & Turner, 2005; Giribet, 2010), and thus 
ȱ ȱ ȱ ¢ȱ Ĵȱȱ ȱ ȱ ǻ¡ȱ
et al.ǰȱ ŘŖŖŚǼǯȱ ¢ȱ ¢ȱ ȱ ȱ Ĵȱȱ ȱ
from molecular data (e.g. Jacobs et al., 2008; Mizuno, 2008; Ivanovic 
et al., 2009) and, interestingly, molecular-phylogenetic analyses of 
diatom genera often support previous morphological observations 
(Lundholm et al., 2002; 2003; Edgar & Theriot, 2004; Lundholm et 
al., 2006; Chen et al., 2007; Sarno et al., 2007). There is also evidence 
ȱěȱȱȱ ȱ ȱȱ¢ȱȱȱ
and morphological datasets can enhance the resolution (Wortley & 
Scotland, 2006) and overall probability of the phylogenetic signal (Lee 
& Camens, 2009). For all these reasons morphological, cytological, 
biochemical, ecological and developmental data remain important 
components for the inference of evolutionary relationships and 
understanding of evolutionary processes.
Despite the recognized importance of using only 
phylogenetically informative data when reconstructing relationships, 
there is a lack of knowledge on the phylogenetic value of 
morphological characters in diatoms. Morphological data are mostly 
analyzed using cladistics, a technique that describes evolutionary 
history based on shared (homologous), derived characters 
(Hennig, 1965, 1966), but identifying homologous characters and 
ęȱȱ ȱ ȱ ȱ ȱ ¢ȱ ǯȱ ȱ ȱ ȱ
to use positional, structural and developmental information to 
interpret potential phylogenetically informative characters (Cox, 
ŘŖŗŖǼȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ěȱȱ  ¢ȱ
(Cox, 2001) while contrasting features may share developmental 
pathways (Cox, 2002). Even if the systematics and cladistic analysis 
of diatoms have been dominated by frustule characters, cytological 
features such as shape and number of chloroplasts have also been 
used to infer relationships (Mereschkowsky, 1902; Kociolek & 
Stoermer, 1986; Round et al., 1990; Cox & Williams, 2000; Cox & 
Reid, 2004; Cox & Williams, 2006). Partitioned analyses of protoplast 
and frustule data have shown that both datasets are informative at 
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ěȱȱȱǻ¡ȱǭȱǰȱŘŖŖŖǼǯȱȱȱȱPinnularia 
exhibits a broad variety of plastid morphology potentially useful 
for subgeneric groupings (Cox, 1988), as well as large variation in 
frustule characters (Round et al., 1990; Krammer, 2000), it is an ideal 
genus with which to analyze the phylogenetic signal of both valve 
and plastid characters at the infrageneric level using a cladistic 




The genus Pinnularia Ehrenberg contains biraphid, benthic 
diatoms and occurs world-wide, mainly in freshwater habitats. 
It was described by Ehrenberg (1843) based on Pinnularia viridis 
ǻĵȱ Ǽȱȱȱȱȱȱȱȱȱȱǯȱ
At the time of writing, Algaebase (Guiry & Guiry, 2011) includes 
2462 species names and varieties of which 413 are currently accepted 
taxonomically, but in the light of recent discoveries of pseudocryptic 
species (Sarno et al., 2005; Mann & Evans, 2007; Vanormelingen et al., 
2008) it is believed that the worldwide species diversity of Pinnularia 
could exceed this last number by almost ten-fold (pers. comm. Bart 
Van de Vijver). The fossil record of the genus dates back to the 
Middle-Eocene (ca.ȱŚŖȱȱǼȱǻȱǭȱ ǰȱŗşŜŞǲȱěȱȱ
et al.ǰȱ ĴȱǼȱȱȱȱ ȱȱ  ȱ
diatoms yet recovered, and a fossil-calibrated molecular clock 
ȱȱȱȱȱŜŖȱȱǻěȱȱet al.ǰȱĴȱǼǯ
Pinnularia is morphologically characterized by the possession 
of alveolate or “chambered” valves in which the striae (as seen using 
light microscopy) correspond to separate alveoli (chambers) (Round 
et al., 1990; Krammer, 2000). The outer wall of each chamber is a 
porous plate with many rows of small round poroids (occluded by 
hymenes), while the inner wall consists of a plain plate perforated 
by one (large or small) aperture. The raphe system is central and the 
ȱęȱȱȱȱǯȱPinnularia is readily distinguished 
from other diatom genera by these features, including the most 
closely related genera Sellaphora and Eolimna (Round et al., 1990; 
Bruder & Medlin, 2008; Evans et al., 2008), but not from Caloneis 
Cleve, which also has an alveolated valve (Round et al., 1990; 
ǰȱŗşşŘǰȱŘŖŖŖǼǯȱȱęȱȱȱCaloneis, Cleve (1894) 
noted the similarities with Pinnularia. The controversy still exists, 
and while Cox (1988), Round et al. (1990) and Mann (2001) consider 
it no longer possible to make a clear distinction along the traditional 
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boundary between these two genera, Krammer & Lange-Bertalot 
(1985, 1986) and Krammer (1992, 2000) consider that the combination 
of a lanceolate valve outline, parallel or radial orientation of the 
striae at the apices and marginal longitudinal lines separate Caloneis 
from Pinnularia. In molecular phylogenies (Bruder & Medlin, 2008; 
Bruder et al., 2008) Pinnularia and Caloneis were recovered as a single 
clade, but with low bootstrap support. The present study does not 
aim to resolve this issue, but we have added some strains of Caloneis 
to complete the sampling.
Given its distinguishing morphological characteristics, 
Pinnularia exhibits considerable morphological diversity, including 
very small to very large forms (Round et al., 1990; Krammer, 2000). 
Valve shape varies from linear to undulate, apices can be rounded 
to capitate, and the raphe system can be simple and linear or very 
complex with a tongue and groove system visible as multiple 
parallel or twisting lines in LM (Round et al., 1990; Krammer, 1992, 
2000). Plastid morphology varies from two girdle-appressed, linear 
chloroplasts per cell to a single H-shaped plastid with varying 
numbers of pyrenoids (Cox, 1988). Relationships within Pinnularia 
have never been resolved based on morphology. A number of 
ȱȱ£ȱěȱȱȱȱ ȱȱ
genus based on valve size and outline and stria orientation (Cleve, 
1895; Krammer & Lange-Bertalot, 1985, 1986), but these have not 
ȱȱȱȱęȱȱǽ¡ȱȱȱǭȱȱǻŗşŜŜǼǾȱȱ
were only intended to group the broad variety of morphologies for 





ȱ ȱ ȱ ȱ ȱ ȱ ȱ ęȱȱ
relationships in the genus Pinnularia and to compare this with the 
ȱȱȱȱęȱȱȱȱȱěȱ et al. 
ǻĴȱǼǯȱǰȱ ȱȱȱȱ¢ȱȱȱȱȱ
and plastid morphology to reconstruct evolutionary relationships 
in the genus Pinnularia and to identify which characters contribute 
most to the reconstruction of these relationships. Secondly, the 
congruence between the morphological and multi-gene phylogeny 
ǻěȱȱet al.ǰȱĴȱǼȱ ȱȱ¢ȱȱȱǻǰȱ
1967; Mantel & Valand, 1970). Finally, we performed ancestral state 
reconstructions of the morphological characters based on the multi-
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ȱ¢¢ȱȱěȱ et al.ȱ ǻĴȱǼȱȱȱȱ
results with the available fossil record.
5.2 Materials & Methods
6WUDLQLVRODWLRQDQGLGHQWL¿FDWLRQ
ȱ ȱ ȱ ȱ ¢ȱ  ȱ ȱ ¢ȱ Ĵȱȱ ȱ ¢ȱ
the lens-tissue technique from environmental samples of aquatic 
ȱ ȱ ȱ ȱ ȱěȱȱ ȱ ȱ ȱ ȱ
between 2006 and 2008 (Table 5.1). All cultures were kept in liquid 
Ȭȱǽǻ	ȱǭȱ£ǰȱŗşŝŘǼȱȱ ȱȱȱ
ǾȱȱȱȱȱŗŞǚȱƹȱŘǚǰȱŘśȬřŖȱΐȱȱ
m-² s-1 light intensity and a 12:12 hours light:dark period. Cultures 
were re-inoculated in fresh medium when reaching late exponential 
phase. For morphological and genetic characterization, cells were 
harvested in exponential phase and concentrated by centrifugation. 
ȱ ȱ ȱ £ȱ  ȱ ȱ ȱ ȬŘŖǚȱ ȱ
ȱ ȱ ȱ ȱ ěȱȱ et al.ȱ ǻĴȱǼǲȱ ȱ ȱ
morphological study by light microscopy (LM) were instantly 
oxidized in hydrogen peroxide and, after several washing steps, 
embedded in Naphrax®. Pictures of the cleaned valves were taken 
using a Zeiss Axioplan 2 microscope equipped with an AxioCam 
Mrm camera. Valve length, width and stria density of 10 valves per 
ȱ ȱȱ ȱ ȱ ŗǯřŝȱ  ǯȱ ęȱȱ
of the cleaned valves was based on Krammer (2000) for Pinnularia, 
and Krammer & Lange-Bertalot (1986) for Caloneis. Voucher slides 
of all natural samples and cultures are kept in the Laboratory of 
Protistology & Aquatic Ecology and are available upon request. 
To cover the wide range of morphological variation of the genus 
Pinnularia, a total of 48 morphologically dissimilar strains were 
selected for further analysis.
0RUSKRORJLFDOFKDUDFWHUL]DWLRQ
The morphology of cleaned frustules was examined and 
photographed using both LM and scanning electron microscopy 
(SEM). For SEM, the oxidized material was coated with gold for 60 
sec with a JEOL JFC-1200 Fine Coater and examined using a JEOL 
JSM-5600LV SEM. Cytological observations of plastids and pyrenoids 
were made on living cells of non-synchronized, exponentially 
growing strains using a Zeiss Axioplan 2 microscope equipped with 
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an AxioCam Mrm camera. To improve the visibility of the plastid 
shape and pyrenoids, Leica Confocal Laser Scanning Microscopy 
ǻǼȱ ȱȱȱ£ȱ ȱĚȱȱȱ ȱȱ
ȱ ȱ ȱ ȱ ŘƖȱ ¢Ȭęȱ¡ȱ ǯȱ ¢ȱ ȱ
ȱ ȱ ¡ȱ ȱ Ĵȱȱ ǻŗşŝŜǼȱ  ȱ ęȱȱ £Ȭ	ȱ
solution (Sigma, Germany) prepared following Gerlach (1977).
&KDUDFWHUFRGLQJ
ȱ ȱ ¢ȱ ȱ  ȱ ȱ ȱ ȱ ęȱȱ
criteria: characters must (i) show minimal variation within a taxon, 
(ii) be variable between taxa, (iii) be independent, (iv) be discrete, (v) 
be heritable (Pimentel & Riggins, 1987; Farris, 1990). Table 5.2 gives 
an overview of the 17 frustule and 3 plastid characters and their 
ȱȱǯȱȱȱ ȱěȱȱȱ
are given with comments and micrographs in Appendix 5.1-3 and 
terminology is based on Ross et al. (1979), Cox & Ross (1981) and 
Round et al. (1990). Character states were coded from simple to 
complex. To assign the primitive states we did not use the outgroup 
method (Kociolek, 1986) because the intergeneric relationships of 
Pinnularia and Caloneis are not clear and character states of the non-
alveolate genera Sellaphora, Eolimna or Mayamaea (see molecular 
ȱ ȱ ěȱȱ et al.ǰȱ ĴȱǼȱ ȱ ȱ ȱ ȱ
those of Pinnularia to be workable. The ancestral states were thus 
based on the earliest known fossil material of Pinnularia described 
by Lohman & Andews (1968), and the same character states apply 
for the Middle Eocene Pinnulariaȱ ȱ ȱ ȱ ǻěȱȱet 
al.ǰȱĴȱǼȱȱȱȱȱȱȱȱȱ
the cuneate apices. The taxon/character matrix is given in Table 5.3.
&ODGLVWLFDQDO\VLV
Frustule characters included both “structural” features, such as type 
of raphe slit, extent and position of alveolus opening and girdle 
band areolae, which are expected to have a genetic background and 
thus phylogenetic value, and “non-structural” characters, such as 
valve outlines, shapes of hyaline areas and stria orientation, which 
ȱȱ ȱȱȱȱ ǻęȱȱ ȱȱ¢ȱ
constrained) valve components but are independent of the type of 
these valve components (e.g. stria orientation is independent of the 
type of stria and pore construction, but will be constrained by the 
ȱ ȱ ȱ ȱ ȱ ȱ ęȱȱ Ǽȱ ǻ¡ǰȱ
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40.8 ± 1.2 10.7 ± 0.3 14.1 ± 0.5
(FULQVD 3FIPDUFKLFD Ilka 
6FK|QIHOGHU
)UDQFH±/HV(FULQV 27.3 ± 0.4 5.4 ± 0.4 15.6 ± 0.7
(FULQVG &DORQHLVVLOLFXOD 
(Ehrenberg) Cleve
)UDQFH±/HV(FULQV 24.2 ± 2.1 8.3 ± 0.7 20.7 ± 1.0
(FULQVD P. borealis Ehrenberg )UDQFH±/HV(FULQV 33.0 ± 1.7 8.1 ± 0.3 5.3 ± 0.4
(QFD P. viridiformis Krammer Chile – Valle de 
(QFDQWR
74.9 ± 1.8 17.7 ± 0.5 8.8 ± 0.4
(QFE 3DFURVSKDHULD W. 
Smith
Chile – Valle de 
(QFDQWR
22.8 ± 1.3 10.6 ± 0.4 12.1 ± 0.3





11.8 ± 0.8 6.3 ± 0.3 13.8 ± 0.6
(Tor1)a P. neomajor Krammer Chile – Torres del 
Paine
151.4 ± 3.6 24.9 ± 0.4 8.2 ± 0.4
(Tor1)b P. sp. (divergens-
group)
Chile – Torres del 
Paine
51.5 ± 2.1 10.4 ± 0.3 10.8 ± 0.8
(Tor1)g P. neomajor Krammer Chile – Torres del 
Paine
102.8 ± 2.6 24.7± 1.3 8.3 ± 0.5
(Tor11)b 3FIDOWLSODQHQVLV 
Lange-Bertalot
Chile – Torres del 
Paine
17.9 ± 0.5 4.5 ± 0.3 20.0 ± 0.0
(Tor12)d P. borealis Ehrenberg Chile – Torres del 
Paine
36.8 ± 1.6 9.5 ± 0.5 5.0 ± 0.0
(Tor3)a P. borealis Ehrenberg Chile – Torres del 
Paine
27.3 ± 0.6 9.6 ± 0.3 6.0 ± 0.0
(Tor4)i P. sp. Chile – Torres del 
Paine
33.3 ± 1.3 9.4 ± 0.5 14.0 ± 0.0
(Tor4)r P. sp. Chile – Torres del 
Paine
42.6 ± 0.4 5.8 ± 0.3 12.4 ± 0.5
7RUF P. sp. (divergens-
group)
Chile – Torres del 
Paine
88.4 ± 1.7 12.5 ± 0.4 10.4 ± 0.5
(Tor7)f P. sp. (gibba-group) Chile – Torres del 
Paine
61.2 ± 1.6 8.9 ± 0.2 10.1 ± 0.5
(Tor8)b P. sp. (gibba-group) Chile – Torres del 
Paine
40.0 ± 0.5 5.9 ± 0.3 11.8 ± 0.4
(Tor8)d P. sp. (gibba-group) Chile – Torres del 
Paine
28.2 ± 0.5 5.6 ± 0.2 12.2 ± 0.6
Table 5.1 Overview of the strains used in the morphological and molecular phylogenetic 
¢ȱ ȱȱęȱǰȱȱȱȱǯ
1 Geographic location in case the cultures were isolated by the authors from environmental 
ǲȱȱȱȱǰȱȱȱ ȱȱȱȱȱǯ
 2ȱȱȱ ȱȱȱŗŖȱ¡£ȱȱȱǰȱȱ
are given as average ± the standard deviation.
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(Val1)b 3DFURVSKDHULD W. 
Smith
Chile – Valdivia 45.7 ± 1.3 10.4 ± 0.3 11.3 ± 0.5
(W045)b P. sp. (gibba-group) 6XE$QWDUFWLFD
Amsterdam Island
37.1 ± 0.8 8.7 ± 0.2 11.2 ± 0.6
(W123)a P. sp. 6XE$QWDUFWLFD
Amsterdam Island
23.5 ± 1.2 6.8 ± 0.1 13.7 ± 0.3
(Wie)a P. sp. The Netherlands – 
De Wieden
46.7 ± 0.9 9.7 ± 0.2 12.1 ± 0.2
:LHF 3VXEFDSLWDWD var. 
elongata Krammer
The Netherlands – 
De Wieden
53.3 ± 0.6 6.3 ± 0.3 11.9 ± 0.3
(Yde1)a 3VXEFRPPXWDWD 
Krammer
Belgium – Ter Yde 62.3 ± 2.0 11.4 ± 0.4 10.1 ± 0.2
Alka 1 P. borealis Ehrenberg Prof. A. Pouli?ková 37.4 ± 1.3 8.2 ± 0.6 4.6 ± 0.3
Cal 769 B &DORQHLVVLOLFXOD 
(Ehrenberg) Cleve
Prof. D.G. Mann 27.5 ± 2.9 10.5 ± 0.5 18.6 ± 0.5
Cal 856 L &DORQHLVVLOLFXOD 
(Ehrenberg) Cleve
Prof. D.G. Mann 27.4 ± 3.2 8.7 ± 0.3 19.4 ± 0.5
Cal 878 TM P. FI. isselana Krammer Prof. D.G. Mann 33.4 ± 1.1 7.4 ± 0.3 12.1 ± 0.3
Cal 890 TM &DORQHLVVLOLFXOD 
(Ehrenberg) Cleve
Prof. D.G. Mann 48.8 ± 3.7 13.0 ± 0.9 17.4 ± 0.5
Corsea 10 3VXEFRPPXWDWD var. 
QRQIDVFLDWD Krammer
6FRWODQG 50.1 ± 1.8 10.7 ± 0.1 11.8 ± 0.4
Corsea 11 3VXEFRPPXWDWD var. 
QRQIDVFLDWD Krammer
6FRWODQG 51.0 ± 1.8 10.7 ± 0.1 11.8 ± 0.4
Corsea 2 P. neomajor Krammer 6FRWODQG 169.2 ± 1.9 28.4 ± 0.5 7.8 ± 0.3
Corsea 6 3VXEFRPPXWDWD var. 
QRQIDVFLDWD Krammer
6FRWODQG 46.5 ± 2.0 11.3 ± 0.3 11.5 ± 0.5
Pin 12 TM P. parvulissima 
Krammer
Prof. D.G. Mann 33.2 ± 2.4 8.9 ± 0.2 11.4 ± 0.5
Pin 649 K P. sp. VXEFRPPXWDWD
group)
Prof. D.G. Mann 53.0 ± 3.2 11.7 ± 0.3 10.1 ± 0.2
Pin 650 K 3VXEDQJOLFDKrammer Prof. D.G. Mann 46.2 ± 0.3 8.2 ± 0.2 11.1 ± 0.7
Pin 706 F 3QHJOHFWLIRUPLV 
Krammer
Prof. D.G. Mann 105.3 ± 3.9 18.5 ± 0.5 8.1 ± 0.2
Pin 867 inv P. grunowii Krammer Prof. D.G. Mann 42.2 ± 0.3 8.2 ± 0.2 11.1 ± 0.7
Pin 870 MG P. viridiformis Krammer Prof. D.G. Mann 80.5 ± 2.3 16.7 ± 0.3 9.2 ± 0.3
Pin 873 TM P. sp. Prof. D.G. Mann 28.3 ± 2.8 10.2 ± 0.4 12.3 ± 0.5
Pin 876 TM 3DFXPLQDWD W. Smith Prof. D.G. Mann 38.9 ± 2.6 11.5± 0.8 10.0 ± 0.0
Pin 877 TM P. parvulissima 
Krammer
Prof. D.G. Mann 58.3 ± 1.5 9.8 ± 0.3 10.0 ± 0.0
Pin 883 TM P. sp. VXEFRPPXWDWD
group)
Prof. D.G. Mann 63.1 ± 2.8 14.1 ± 0.1 10.3 ± 0.5
Pin 885 TM P. nodosa (Ehrenberg) 
W. Smith
Prof. D.G. Mann 42.1 ± 1.2 6.7 ± 0.2 10.0 ± 0.0
Pin 888 MG P. nodosa (Ehrenberg) 
W. Smith
Prof. D.G. Mann 37.7 ± 1.5 7.3 ± 0.4 10.6 ± 0.7
Pin 889 MG P. grunowii Krammer Prof. D.G. Mann 41.9 ± 0.8 7.9 ± 0.2 13.0 ± 0.8
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Table 5.2 Summary of the 17 frustule and 3 plastid characters and their respective character 
states and codes used for the cladistic analyses.
cȱǰȱȬȱȱȱȱ ȱǯȱȱȱȱȱ
ȱȱȱȱȬǯȱȱȱ¡ȱȱȱǯ
d Descriptions of the characters and character states can be found in Appendix 5.1.
e Coding refers to the code of the character states used in the cladistic analyses and mentioned 
in Table 5.3.
Character typec Characterd Character statesd Codinge






































7 1RQVWUXFWXUDO Axial area: relative width at 
PLGEUDQFK






8 1RQVWUXFWXUDO Axial area: relative width at 
FHQWUDOUDSKHHQGLQJV
Narrow: < 1/2



































15 6WUXFWXUDO Alveolar opening length: 












Character typec Characterd Character statesd Codinge




















Table 5.3 Taxon/character matrix of the 48 strains. The a priori determined ancestral states 
are given in the last line (“ancestral”).
Strain
Character
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
%F 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1
(B2)g10 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1
(FULQVD 0 2 0 0 0 0 0 1 2 1 0 0 0 0 0 0 0 1 1 1
(FULQVG 0 1 0 2 1 0 1 0 1 0 0 0 1 1 2 1 1 1 1 0
(FULQVD 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
(QFD 1 1 1 1 0 2 1 0 0 0 0 0 0 0 1 0 0 0 0 2
(QFE 0 1 0 0 0 0 2 1 0 0 0 1 1 2 2 1 0 0 0 0
(No5)j 0 1 1 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2
(Pinn CNoel)7 0 1 0 0 0 0 1 2 2 1 0 0 0 0 0 0 0 0 1 0
(Tor1)a 4 0 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 2
(Tor1)b 0 1 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 1 0
(Tor1)g 0 0 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 2
(Tor11)b 0 1 0 2 0 0 0 2 2 2 0 0 0 0 0 0 0 1 1 ?
(Tor12)d 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0
(Tor3)a 0 1 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 1 0
(Tor4)i 0 1 0 0 0 0 1 0 2 0 0 0 0 0 0 0 0 1 1 1
(Tor4)r 3 2 0 0 0 0 0 2 2 1 0 0 0 0 0 0 0 0 1 0
7RUF 4 1 0 0 0 0 0 2 2 1 0 0 0 0 0 0 0 0 1 0
(Tor7)f 0 1 1 0 0 0 2 2 2 0 1 0 0 0 0 0 0 0 1 0
(Tor8)b 3 3 0 0 0 0 2 2 2 1 1 0 0 0 0 0 0 0 1 0
(Tor8)d 0 1 0 0 0 0 0 2 2 1 1 0 0 0 0 0 0 0 1 0
(Val1)b 0 1 0 0 0 0 2 1 0 0 0 1 1 2 2 1 0 0 0 0
(Wie)a 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1
:LHF 3 3 1 0 0 0 0 2 2 1 0 0 0 0 0 0 0 0 1 0
(Yde1)a 0 1 1 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2
Cal 769 0 1 0 2 1 0 1 0 0 0 0 0 1 1 2 1 1 1 1 0
Cal 856 0 1 0 2 1 0 1 0 0 0 0 0 1 1 2 1 1 1 1 0




1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Cal 890 4 0 0 2 1 0 0 0 0 0 0 0 1 1 2 1 1 1 1 0
Corsea 10 0 1 1 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2
Corsea 11 0 1 1 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2
Corsea 2 4 1 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 ? ? ?
Corsea 6 0 1 1 2 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 2
Pin 12 0 1 0 0 0 0 0 2 2 1 1 0 0 0 0 0 0 0 1 0
Pin 649 0 0 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 2
Pin 650 1 3 0 0 0 0 0 2 2 1 1 0 0 0 0 0 0 1 1 1
Pin 706 0 1 1 1 0 2 0 0 0 0 0 0 0 0 1 0 0 0 1 2
Pin 867 2 3 0 0 0 0 1 1 2 1 1 0 0 0 0 0 0 1 1 1
Pin 870 1 1 1 1 0 2 0 0 0 0 0 0 0 0 1 0 0 ? ? ?
Pin 873 0 1 0 2 0 0 1 0 0 0 0 0 1 0 1 0 0 0 1 2
Pin 876 1 0 0 2 0 0 2 1 0 0 0 0 0 2 1 0 0 0 ? ?
Pin 877 0 1 0 0 0 0 2 2 2 0 1 0 0 0 0 0 0 0 1 0
Pin 883 0 0 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 2
Pin 885 2 2 0 0 0 0 0 1 2 0 1 0 0 0 0 0 0 0 1 0
Pin 888 3 2 0 0 0 0 0 1 2 0 1 0 0 0 0 0 0 0 1 0
Pin 889 2 3 0 0 0 0 0 1 2 1 0 0 0 0 0 0 0 1 1 1
W045b 0 1 0 0 0 0 0 2 2 1 1 0 0 0 0 0 0 0 1 0
W123a 0 1 0 0 0 0 0 2 2 1 0 0 0 0 0 0 0 0 1 0
$QFHVWUDO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ?
2010). Based on this, the morphological dataset was subdivided 
into three subsets: all frustule characters (characters 1-17 in Table 
5.2), only structural frustule characters (3-6, 11-12, 15-17), and 
plastid characters (19-20), which were analysed separately and in 
combination. Cladistic analyses were performed in PAUP* 4.0b10 
ǻ ěȱǰȱ ŘŖŖŘǼȱ ȱ ȱ ¡ȱ ¢ȱ ǻǼȱ ȱ
search with branch swapping and tree bisection-reconnection (TBR) 
rearrangement followed by bootstrap analysis with 1,000 replicates. 
All characters were unordered and unweighted. Because a large 
number of most parsimonious trees was recovered in all analyses, 
strict consensus trees were computed, together with the consistency 
index (CI) and retention index (RI) of these trees and the single 
characters. The CI measures the relative amount of homoplasy in a 
character or cladogram (with CI=1 for non-homoplasious characters/
cladograms), while the RI measures the amount of synapomorphy 
expected from a data set which is retained as synapomorphy 
on a cladogram (with RI=1 for strongly informative characters/
cladograms). 
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¢ǰȱ ȱ ȱ ȱ ěȱȱ ȱ ¡ȱ ȱ Ȭ
informative characters, we selected for every analysis the characters 
 ȱȱȱǃȱśȱȱ ȱ ȱȱȱ ȱȱ ȱȱ ȱśǰȱȱ
ȱ ǃȱ śȱ ȱ ȃȄȱ ȱȱ ȱ ¢ȱ ȱ ȱ ȱ
cladistic analysis. Afterwards, tree length, CI and RI were compared 
for both analyses (all characters/only informative characters) of 
ȱ ěȱȱ ȱ ǯȱ ȱ ǰȱ ȱ ȱ ȱ ȱ ȱ ȱ
morphological characters were also computed based on a molecular 
ȱ ȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ
ěȱȱet al.ȱǻĴȱǼǯ
Mantel tests
To evaluate whether morphological and molecular distances 
 ȱ ȱ ȱ ęȱ¢ȱ ȱ ȱ ȱȱ ȱ
(Mantel, 1967; Mantel & Valand, 1970). Mantel tests were computed 
using the ZT software tool (Bonnet & Van De Peer, 2002) with 
100,000 permutations. The genetic distances of the concatenated 
molecular data set were derived from the most likely molecular 
ȱ¢ȱęȱȱ ǻȱ et al., 2004). The morphological distances 
between the strains were calculated as total distance by PAUP* 
ŚǯŖŗŖȱǻ ěȱǰȱŘŖŖŘǼȱȱȱȱ¡Ȧȱ¡ȱǻȱ
5.3) for all subsets (all characters, and frustule, structural frustule 
and plastid characters separately and in pairwise combinations). 
ȱęȱȱȱ ȱp=0.05.
$QFHVWUDOVWDWHUHFRQVWUXFWLRQ
Ancestral state estimations were performed by Mesquite 2.73 
(Maddison & Maddison, 2010). As a backbone we used the 
most likely molecular tree recovered by the concatenated DNA 
¢ȱ ȱ ȱ ěȱȱ et al.ȱ ǻĴȱǼȱ ȱ
all morphologically dissimilar strains per species (see Table 5.1). 
ȱȱ ȱęȱȱȱȱȱȱȱȱȱ
GenBank. In a phylogenetic tree, branch lengths are proportional to 
the amount of molecular evolution in the genes used to build the 
ǯȱȱȱěȱȱǰȱȱȱȱȱȱ ȱ
occur. Because the genes we used in our study are not assumed to 
be linked to the morphological characters we investigate, this rate 
variation was smoothed out by constructing an ultrametric tree 
in which branch lengths are roughly proportional to evolutionary 
time instead of to amounts of molecular evolution. The original 
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phylogenetic tree was therefore smoothed into an ultrametric 
tree using penalized likelihood (Sanderson, 2002, 2003). The same 
character coding was used as for the cladistic analyses, and ancestral 





ȱ ȱ ȱęȱȱȱPinnularia and 4 as Caloneis silicula (Table 
5.1, Figs 5.1-50). A total of 31 morphological species (not including 
varieties) were recognized, of which only 15 could be assigned to a 
described species. Of the remaining 16 taxa, 11 could not even be 
assigned to a morphologically closely resembling taxon and can be 
considered as undescribed species. Table 5.1 gives an overview of the 
ȱ ȱ ȱ ȱ ęȱǰȱ ȱ ȱȱ
characteristics. Oxidized material of all strains is shown in Figs. 5.1-
50.
0RUSKRORJLFDOFKDUDFWHUV
Table 5.2 gives an overview of the 20 selected characters and their 
character states. In total 17 frustule characters (Table 5.2; 1-17) 
and 3 cytological characters (Table 5.2; 18-20) were used and most 
characters had more than two character states (Table 5.2). For frustule 
characters, we discriminated between structural and non-structural 
wall characters as described above (see Materials and methods).
&ODGLVWLFDQDO\VHV
All cladistic analyses resulted in a large number of most parsimonious 
trees, and therefore strict consensus trees (SCTs) were constructed 
based on these most parsimonious trees to examine the resulting 
Ĵȱȱȱǯȱȱȱȱȱȱȱȱ
clades but are in general very low. An overview of the recovered 
ȱȱȱěȱȱ¢ȱȱȱȱȱśǯŚǯȱȱȱȱ
trees, CI and RI of SCTs and characters are summarized in Table 5.5. 
Cladistic analysis of all characters revealed four clades in 
addition to a cluster containing the two stains of P. cf. microstauron 
(Fig. 5.51; Table 5.4). Three of the four clades corresponded closely 
ȱ ȱ ȱ ȱ ȱ ȱȱ ¢¢ȱ ǻěȱȱ et 
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ancestral Pinnularia resulting from ancestral state reconstruction (ASR) (see text). 
ǯȱ ŗǯȱPinnularia sp. (divergensȬǼȱ ǻŝǼǯȱ ǯȱ ŘǯȱPinnularia sp. (divergensȬ
ǼȱǻŗǼǯȱǯȱřǯȱCaloneis siliculaȱǻȱŞşŖǼǯȱǯȱŚǯȱCaloneis siliculaȱǻȱŝŜşǼǯȱ
ǯȱśǯȱCaloneis siliculaȱ ǻȱŞśŜǼǯȱǯȱŜǯȱCaloneis siliculaȱ ǻŚǼǯȱǯȱŝǯȱPinnularia 
subanglicaȱ ǻȱŜśŖǼǯȱǯȱ ŞǯȱPinnularia sp.ȱ ǻŚǼǯȱ ǯȱ şǯȱPinnularia cf. marchica 
ǻŚǼǯȱǯȱŗŖǯȱPinnularia grunowiiȱǻȱŞŜŝǼǯȱǯȱŗŗǯȱPinnularia grunowii (Pin 
ŞŞşǼǯȱǯȱŗŘǯȱPinnularia acrosphaeiraȱǻŘǼǯȱǯȱŗřǯȱPinnularia acrosphaeria (Val1)
ǯȱǯȱŗŚǯȱPinnularia nodosaȱǻȱŞŞśǼǯȱǯȱŗśǯȱPinnularia nodosaȱǻȱŞŞŞǼǯȱǯȱŗŜǯȱ
Pinnularia subcapitata var. elongateȱ ǻǼǯȱǯȱŗŝǯȱPinnularia sp.ȱ ǻŚǼǯȱǯȱŗŞǯȱ
Pinnularia sp. ǻȱȬǼŝǯȱ ǯȱ ŗşǯȱPinnularia sp. ǻŗŘřǼǯȱ ǯȱ ŘŖǯȱPinnularia 
sp. (subgibbaȬǼȱ ǻŞǼǯȱ ǯȱ ŘŗǯȱPinnularia sp. (subgibbaȬǼȱ ǻŞǼǯȱǯȱ
22. Pinnularia sp. (subgibbaȬǼȱǻŝǼǯȱǯȱŘřǯȱPinnularia sp. (subgibbaȬǼȱ
ǻŖŚśǼǯȱ ǯȱ ŘŚǯȱPinnularia sp. (subgibbaȬǼȱ ǻȱ ŗŘǼǯȱ ǯȱ ŘśǯȱPinnularia sp. 
(subgibbaȬǼȱ ǻȱ ŞŝŝǼǯȱ ǯȱ ŘŜǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ
ancestral Pinnulariaǰȱ ȱ ȱ ¢ȱǯȱ ǯȱ Řŝǯȱ  ȱ ȱ ȱ ȱ ȱ
of a hypothetical ancestral Pinnulariaǰȱ ȱ ȱ ¢ȱ ǯȱ ǯȱ ŘŞǯȱ Pinnularia cf. 
altiplanensisȱǻŗŗǼǯȱǯȱŘşǯȱPinnularia cf. microstauronȱǻŘǼǯȱǯȱřŖǯȱPinnularia 
cf. microstauronȱ ǻŘǼŗŖǯȱ ǯȱ řŗǯȱ Pinnularia borealisȱ ǻřǼǯȱ ǯȱ řŘǯȱ Pinnularia 
borealisȱǻŝǼǯȱǯȱřřǯȱPinnularia borealisȱǻŗŘǼǯȱǯȱřŚǯȱPinnularia sp. (Wie)
a. Scale bar represents 10 μm.
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Figs 5.35-50 Oxidized material of the strains used for the cladistic analyses and 
ȱȱȱȬ¢ȱǰȱ ȱȱȱȱȱȱǯȱ
ȱřśȬŚŗȱ ȱȱȱȱȱȃsubcommutataȄǰȱǯȱŚŘȱ ȱP. acuminataǰȱ
ȱȱŚřȬśŖȱ ȱȱȱȱȱȃviridiformisȄǯȱǯȱřśǯȱPinnularia sp. (Pin 
ŞŝřǼǯȱǯȱřŜǯȱPinnularia cf. isselanaȱǻȱŞŝŞǼǯȱǯȱřŝǯȱPinnularia subcommutata var. 
nonfasciataȱ ǻȱŗŖǼǯȱǯȱřŞǯȱPinnularia subcommutata var. nonfasciata (Corsea 
ŗŗǼǯȱǯȱřşǯȱPinnularia subcommutata var. nonfasciataȱǻȱŜǼǯȱǯȱŚŖǯȱPinnularia 
isselanaȱ ǻśǼǯȱ ǯȱ Śŗǯȱ Pinnularia subcommutataȱ ǻŗǼǯȱ ǯȱ ŚŘǯȱ Pinnularia 
acuminataȱǻȱŞŝŜǼǯȱǯȱŚřǯȱPinnularia sp. (subcommutataȬǼȱǻȱŞŞřǼǯȱǯȱŚŚǯȱ
Pinnularia sp. (subcommutataȬǼȱ ǻȱŜŚşǼǯȱǯȱ ŚśǯȱPinnularia neglectiformis 
ǻȱŝŖŜǼǯȱǯȱŚŜǯȱPinnularia viridiformisȱǻȱŞŝŖǼǯȱǯȱŚŝǯȱPinnularia viridiformis 
ǻŘǼǯȱǯȱŚŞǯȱPinnularia neomajorȱǻŗǼǯȱǯȱŚşǯȱPinnularia neomajor (Tor1)a. 





























































































































































































































































































































































































































































































































































































































al.ǰȱ ĴȱǼȱ ȱ  ȱ ȱ ȱ ȃgrunowii”, “Ȭ
Ȭ” and “subgibba” clade, respectively.  The 
“grunowii” clade contained smaller strains with H-shaped plastids 
while the “ȬȬ” clade contained 
the more robust Pinnularia’s. The “subgibba” clade contained the 
“subgibba”-like Pinnularia’s, smaller Pinnularia’s characterized by 
ghost striae, together with (Tor7)c and P. nodosa which were placed 
separately in the molecular phylogeny. The “Ȭ” 
clade contained Caloneis silicula and P. acrosphaeria and was never 
recovered as a single clade in the molecular phylogeny. 
When plastid characters were left out of the analysis (Fig. 5.52; 
Table 5.4), the “grunowii” and “subgibba” clades were not recovered, 
and (Wie)a was included in the “ȬȬ” 
clade. Analysis of structural characters only (Fig. 5.53; Table 5.4) 
resulted in the “Ȭ” and “ȬȬ
viridiformis” clade, but without Pin870 and Pin873. Interestingly, 
a “viridiformis”-subclade (identical to the molecular “viridiformis” 
subclade) was found inside this clade, separating the “viridiformis” 
strains from the “subcommutata” strains. Analysis of the structural 
and plastid characters only revealed the “Ȭ” clade, 
and no clades were formed when using the three plastid characters 
only (Figs not shown).
&KDUDFWHUVVXSSRUWLQJWKHPRUSKRORJLFDOFODGHV
The “grunowiiȄȱ ȱ ǽ ȱ ǻŚǼȱ ȱ ȱ ȱȱ
Ǿȱ ȱȱ¢ȱȱȱǰȱȱȬȱȱ
area and H-shaped plastids with two pyrenoids, none of which were 
synapomorphies. This clade disappears when plastid characters are 
discarded, indicating the importance of these characters to recover 
the relationship. The same applies to the “subgibba” clade (+ (Tor7)
c and P. nodosa compared to the molecular clade) which was partly 
supported by a bilateral fascia, but also by linear plastids having 
each a single pyrenoid. 
The two other clades were supported by structural characters 
and were therefore also recovered when plastid or non-structural 
ȱ  ȱ Ĵȱǯȱ ȱ ȃȬ” clade was 
characterized by a transverse orientation of the apical striae and the 
synapomorphic small, distal opening of the alveoli. The characters 
supporting the “ȬȬ” clade were 
ȱȱ¡ȱȱęȱǰȱȱȬȬȱȱȱ
endings, the intermediate length of the alveolar opening, and the 
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Fig. 5.51 Strict consensus tree (SCT) from the most parsimonious trees of the cladistic 
¢ȱȱȱȱŘŖȱȱǰȱ ȱ ȱȱ ȱ ȱǯȱ
ȱȱȱȱǰȱȱȱȱǰȱȱȱȱȱȱȱ
noted on the right of the cladogram and indicated by a star (*) on the tree.
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Fig. 5.52 Strict consensus tree (SCT) from the most parsimonious trees of the cladistic 
¢ȱ ȱ ȱ ȱ ŗŝȱ ȱ ǰȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ
ȱ ȱ ȱ ǰȱ ȱ ȱ ȱ ǰȱ ȱ ȱ ȱȱ ȱ ȱ
noted on the right of the cladogram and indicated by a star (*) on the tree.
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Fig. 5.53 Strict consensus tree (SCT) from the most parsimonious trees of the cladistic 
¢ȱȱȱȱşȱȱȱǰȱ ȱȱȱȱȱǯȱ
ȱȱȱȱǰȱȱȱȱǰȱȱȱȱȱȱȱ
noted on the right of the cladogram and indicated by a star (*) on the tree.
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absence of pyrenoids. Because all these characters, except for 
pyrenoids, were structural characters, this clade is also supported 
in the cladistic analysis of those characters. Support for the 
“viridiformis” subclade in the structural character analysis resulted 





all analyses. Because none of the plastid characters was recovered as 
ȃȄȱȱȱęȱȱ¢ȱȱȱȱȱȱǰȱȱȱ
analysis including only “informative” characters was impossible. In 
all analyses the most informative characters (CI=1, RI=1) were the 
helictoglossa, surface irregularities, alveolus opening and location, 
and girdle band areolae, all structural frustule characters. Stria 
orientation and the number of pyrenoids had a CI of 0.5. The CI of 
all other characters was lower than 0.5. However, selecting only the 
more “informative” characters based on the CI and RI had a negative 
Ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ǻȱ śǯŚǼǰȱ ¢ȱ
partly due to the even lower number of characters included in the 
analysis. This shows that characters with low CI and RI can still 
make a valuable contribution to the recovery of relationships.
When analyzing the morphological character matrix using the 
¢ȱȱȱȱǰȱȱ ȱȱȱǃȱŖǯśȱ ȱȱȱ
helictoglossa, surface irregularities, alveolus opening and location, 
girdle band areolae and number of pyrenoids, but additionally also 
central raphe endings, raphe complexity and fasciae. Again, most of 
these features are structural characters. Note that stria orientation 
had a low CI when based on the molecular tree topology, and that 
the molecular topology was much less parsimonious (see the higher 
tree length in Table 5.5) and thus contained many more changes 
in character states of the morphological characters over the tree, 
compared to the MPTs resulting from the maximally parsimonious 
cladistic analyses (Table 5.5).
$QFHVWUDOVWDWHUHFRQVWUXFWLRQ
Fig. 5.54 shows ultrametric molecular phylogenies on which the 
ȱ ȱ ȱ ȱ ěȱȱ ȱ ȱ ȱ
Ĵȱǰȱ ȱ  ȱ ȱ ȱ ȱ ǻǼȱ ȱ ȱ ȱ
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&KDUDFWHU1/tree $OOFKDUDFWHUV )UXVWXOHFKDUDFWHUV
All7 Inf.8 Mol.9 Allg Inf.h Mol.i
CI RI CI RI CI RI CI RI CI RI CI RI
1 margins 0.3 0.1 0.3 0.1 0.3 0.0 0.3 0.1
DSLFHV 0.2 0.3 0.2 0.3 0.2 0.1 0.2 0.3
3 ext. raphe path 0.2 0.7 0.2 0.7 0.3 0.8 0.2 0.7 0.3 0.9 0.3 0.8
FHQWUDOUDSKHHQGLQJV 0.2 0.5 0.4 0.9 0.5 0.9 0.2 0.6 0.4 0.9 0.5 0.9
KHOLFWRJORVVDH 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
UDSKHFRPSOH[LW\ 0.3 0.0 0.5 0.7 0.3 0.0 0.5 0.7
D[LDODUHDPLGEUDQFK 0.2 0.3 0.2 0.1 0.2 0.3 0.2 0.1
D[LDODUHDFHQWUDO 0.3 0.7 0.1 0.3 0.3 0.7 0.2 0.4 0.3 0.7
IDVFLD 0.3 0.8 0.2 0.7 0.5 0.9 0.3 0.8 0.2 0.7 0.5 0.9
FHQWUDODUHD 0.3 0.7 0.2 0.4 0.2 0.6 0.2 0.6 0.2 0.4 0.2 0.6
11 ghost striae 0.1 0.3 0.2 0.6 0.1 0.2 0.2 0.9
VXUIDFHLUUHJXODULWLHV 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
VWULDHFHQWUDO 0.5 0.9 0.5 0.9 0.3 0.6 0.5 0.9 0.5 0.9 0.3 0.6
14 striae apex 0.5 0.7 0.5 0.7 0.4 0.6 0.5 0.7 0.5 0.7 0.4 0.6
15 alveolar opening 1.0 1.0 1.0 1.0 0.7 1.0 1.0 1.0 1.0 1.0 0.7 1.0
DOYHRODUORFDWLRQ 1.0 1.0 1.0 1.0 0.5 1.0 1.0 1.0 1.0 1.0 0.5 0.8
17 girdle areolae 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
18 plastid shape 0.2 0.6 0.1 0.2 0.2 0.7
19 plastid extension 0.1 0.3 0.3 0.8
20 pyrenoid number 0.5 0.9 0.2 0.6 0.7 0.9
SCT10 0.3 0.6 0.3 0.7 - - 0.3 0.6 0.3 0.7 - -
MPT11’s 0.4 0.8 0.5 0.9 0.3 0.7 0.5 0.8 0.6 0.9 0.3 0.7
SCTi: length 119 79 - 114 79 -
MPTk’s: length 80 41 105 66 26 94







and were excluded during subsequent analyses using informative characters only.
 Ŝ See Table 5.2 and Appendix 5.1 for more information on the characters.
129Morphology of Pinnularia
6WUXFWXUDOIUXVWXOHFKDUDFWHUV 3ODVWLGFKDUDFWHUV 6WUXFWXUDOSODVWLGFKDUDFWHUV
Allg Inf.h Mol.i Allg Mol.i Allg Inf.h Mol.i
CI RI CI RI CI RI CI RI CI RI CI RI CI RI CI RI
0.3 0.9 0.5 0.9 0.3 0.8 0.1 0.0 0.3 0.8
0.3 0.8 0.3 0.8 0.5 0.9 0.1 0.2 0.5 0.9
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.5 0.7 0.5 0.7 0.5 0.7 0.3 0.0 0.5 0.3
0.1 0.0 0.2 0.6 0.1 0.0 0.2 0.1
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.5 0.9 0.5 0.9 0.7 1.0 0.1 0.2 0.7 0.6
1.0 1.0 1.0 1.0 0.5 0.8 0.5 0.8 1.0 1.0 0.5 0.4
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.1 0.0 0.2 0.7 0.1 0.2 0.2 0.1
0.1 0.0 0.3 0.8 0.1 0.1 0.3 0.3
0.1 0.0 0.7 0.9 0.1 0.0 0.7 0.6
0.4 0.8 0.5 0.9 - - 0.1 0.0 - - 0.1 0.2 1.0 1.0 - -
0.8 1.0 0.8 1.0 0.5 0.8 0.8 1.0 0.4 0.8 0.6 0.9 1.0 1.0 0.4 0.8
32 21 - 44 - 116 4 -
15 13 25 5 11 26 4 36
 7ȱƽȱȱ ȱ ȱ ȱ ȱ Ȭȱ ȱ ȱ  ȱ ȱ
during the cladistic analysis
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nodes. Based on the ancestral state reconstruction (ASR) using both 
MP and LM, ancestral Pinnularia (see Figs 5.26-27) had valves with 
convex margins and rounded apices, a simple raphe with curved 
external path with elongated central raphe endings, an intermediate 
width axial area mid-branch, but narrow axial area by the central 
raphe endings. The central area was elliptical and a bilateral fascia 
was present, without ghost striae or surface irregularities. Striae 
were radiate at the centre, convergent near the apices, with large 
internal alveolar openings. The helictoglossa was simple, tongue-
like and the girdle bands had elongated areolae. Plastids would have 
been linear with broad extensions and one pyrenoid per plastid (Fig. 
5.27). These recovered ancestral states were also estimated a priori by 
us as being the primitive frustule character states (see Table 5.2 and 
5.3) based on the morphology of the fossils reported by Lohman & 
Andrews (1968), except for the rounded apices and the presence of 
a fascia. Most of the fossil species of Lohman & Andrews (1968) had 
cuneate apices rather than rounded ones and no fascia, however, 
both alternative character states were also present in a single species. 
The fossil Pinnularia reported as being the earliest representative 
ȱ ȱȱ ¢ȱ ȱ ǻěȱȱ et al.ǰȱ ĴȱǼȱ ȱ
lacked a fascia and even had rostrate rather than rounded apices, 
and surface irregularities.
Based on this ASR, most of the character states evolved multiple 
times during the evolution of Pinnularia, while other character states 
evolved only once, thereby often characterizing a single molecular 
clade. Of the 20 characters studied, only 8 contained character 
states which evolved once in the present phylogeny (central raphe 
endings, helictoglossae, girdle band areolae, surface irregularities, 
raphe complexity, length and location of alveolus openings, and 
pyrenoids). Round central raphe endings were synapomorphic for 
the “viridiformis” clade (Fig. 5.54, character 4), while linear central 
raphe endings evolved at the base of the cluster containing the 
“ȬȬ” clade, (Wie)a and (Tor11)b. 
Caloneis silicula  also has linear central raphe endings, but note that 
ȱ¢ȱȱ ȱȱęȱȱȱȱȱȱ
(SEM photographs: Appendix 2, n-n´). Hooked helictoglossae and 
round girdle band areolae were synapomorphic for Caloneis silicula, 
while the presence of surface irregularities only evolved in P. 
acrosphaeria (Figs not shown). 
Raphes with three parallel lines visible in LM (Appendix 5.2, 
r) or three twisting lines (complex raphe, Appendix 5.2, s) evolved 
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once at the base of the “viridiformis” clade (Fig. 5.54, character 6). 
However, the complex, twisting raphe structure evolved multiple 
times within this clade. Because we also observed raphes with a 
complex, twisting structure and with three parallel lines within 
monoclonal strains, those two characters states are probably part 
of a continuum and should be regarded as a single character. 
Intermediate alveolus openings were synapomorphic for the 
“ȬȬ” clade (Fig. 5.54, character 15), 
while small and distantly located alveolar openings occurred in both 
P. acrosphaeria and C. silicula. Also the absence of pyrenoids evolved 
at the base of the “ȬȬ” clade (Fig. 
5.54, characters 20). 
Mantel tests
Mantel tests between the morphological pairwise distance matrices 
ȱȱȱȱȱȱęȱȱȱ
between the datasets (p=0.00001) for all morphological subsets.
5.4 Discussion
Independent phylogenetic analyses of molecular and morphological 
ȱ ȱ ŚŞȱ ¢ȱ ěȱȱ ȱ ȱ ȱ ȱ
Pinnularia and Caloneis recovered similar clades, and morphological 
ȱ ȱ ȱ  ȱ ęȱ¢ȱ ǯȱ 
 ǰȱ
 ȱ ¢ȱ ȱ ȱ ęȱȱ ȱ ȱ  ȱ ȱ
¢ȱ ȱ ǻěȱȱ et al.ǰȱ ĴȱǼǰȱ ȱ ȱ
generated fewer clades, due to the lower number of phylogenetically 
informative characters compared to the molecular data, and was 
ȱȱȱ¢ȱȱȱęȱȱȱȱPinnularia. 
ȱ¢ȱȱ ȱ ȱ ȱ¢ȱĴȱȱȱ ȱ
ěȱȱȱȱǰȱ ȱ¢ȱȬȱ
frustule characters were found to be homoplasious, several 
ȱ ȱ ȱ ȱ  ȱ ȱ ¢ȱ Ĵȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ęȱȱ
relationships. However, excluding the characters with low CI and 
RI in a subsequent analysis did not improve the resolution of the 
phylogeny. Inferences of the most likely ancestral states of characters 
ȱ ȱ ěȱȱ ȱ ȱPinnularia are fairly congruent with the 
currently known sequence of appearances in the fossil record.
Our molecular and morphological datasets supported similar 
clades. Most of the clades retrieved by the morphological data were 
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Fig. 5.54ȱȱȱȱȱȬ¢ȱȱȱȱȱȱ
ěȱȱet al.ȱǻĴȱǼȱȱŗŞǰȱŘŞǰȱrbcǰȱpsbA and coxŗǰȱ ȱȱȱȱ
ancestral state reconstruction of 18 of the 20 morphological characters using maximum 
ǯȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ¢ȱ ȱ







also recovered by molecular-genetic analyses: the “grunowii” and 
“subgibba” clades, and the “viridiformis” and “subcommutata” clades; 
ȱ ȱ ȱ £ȱ ¢ȱ ȱ ęȱȱ ȱ ȱ
genetic and morphological distances using Mantel tests. Congruence 
between morphological and molecular data has been encountered 
in a wide variety of organisms (e.g. Marvaldi et al., 2002; Scotland 
et al., 2003; Edgar & Theriot, 2004; Lundholm et al., 2006; Jacobs et 
al., 2008) and retrieving independent support for clades strengthens 
ȱ ¢ȱ ȱ ȱ ¢ȱ ¢ȱ ǻĴȱǰȱ ŗşŞŘǼǯȱ

 ǰȱ ȱ ȱ ȱ ¢ǰȱ ȱ ȱ ȱ ęȱȱ  ȱ
resolution in morphological data compared to molecular sequences 
(Wortley & Scotland, 2006). Morphological analyses could not assign 
ȱ ¡ȱ ȱȱ ǰȱȱěȱȱ ȱ ȱ ȱ ȱȱ
analysis could not be recovered with the morphological dataset, 
e.g. the kinship of the P. borealisȱȱȱȱĜȱȱ¢ȱ ȱP. 
nodosa and P. acrosphaeria, nor were the deeper relations between the 
clades resolved. Moreover, bootstrap support was never high. The 
low resolution and support of morphological phylogenies is likely 
caused by the low number of morphological characters (Scotland et 
al., 2003; Giribet, 2010) and, because of the low character/taxon ratio, 
bootstrap percentages of morphological studies are inherently low 
(Bremer et al.ǰȱ ŗşşşǼǯȱ ǰȱ Ĝȱȱȱ ȱ ȱ ȱ
with molecular data when seeking to recover relationships with a 
small number of nucleotides or non-informative markers (Rokas 
et al., 2003). For the current molecular phylogeny of Pinnularia 
ęȱȱ ěȱȱ ȱ ǻȱ ŚŞśŘȱ ǰȱ ȱ ŗŖŗŘȱ
parsimony-informative sites) were needed to obtain support at the 
ȱȱǻěȱȱet al.ǰȱĴȱǼǯȱ
In this study we used 20 morphological characters, mostly 
with two or three character states, which is low compared to the 48 
taxa studied. Only discrete variables were used, but incorporating 
continuous data for example for size measurements and shape could 
increase the number of characters and enhance the phylogenetic 
resolution. Morphometric data are known to improve phylogenetic 
estimates (Edgar & Theriot, 2004) and new algorithms have been 
ȱ ȱ ¢£ȱ ȱ ȱ ǻǰȱ ŘŖŖŗǲȱ 	ěȱȱ et al., 
2006; Gonzalez-Jose et al., 2008). Nevertheless, at the intrageneric 
level relatively low variation in morphology is to be expected since 
diatom genera are delimited based on morphological similarity 
and homogeneity (Kociolek, 1997). Cladistic analyses are mostly 
successful at intergeneric levels (Kociolek & Stoermer, 1986; Cox 
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& Williams, 2000; Marivaux et al., 2004; Cox & Williams, 2006; Ohl 
& Spahn, 2010), while using only morphological data to estimate 
ęȱȱ ȱ ȱ ȱ ȱ ȱ ǻȱ et 
al., 2009; Denk & Grimm, 2009; Ohl & Spahn, 2010) as is further 
demonstrated here. It has been argued that incorporating as much 
ȱ ȱ ȱ ȱ ěȱȱ ǰȱ ȱǰȱ
biochemical, ecological and molecular ones, best approximates 
ȱ ȱ ¢¢ȱ ǻǰȱ ŗşşŞǼǯȱ ȱ ěȱȱ ȱ
Ȭȱ ȱ ȱ ěȱȱ ȱȱ ȱȱ ȱȱ
data - improves the resolution and support of phylogenies due 
ȱ ęȱȱ ȱ ȱȱ ȱ ǻȱ et al., 2002; 
Edgar & Theriot, 2004; Wortley & Scotland, 2006; Lee & Camens, 
2009), while examining data partitions independently gives insight 
ȱȱěȱȱȱȱ¢ȱȱǻǰȱŗşşŞǼȱȱ
ȱ¢ȱ ȱȱěȱȱȱȱȱ
(Cox & Williams, 2006). 
ȱ ¢£ȱ ȱ ěȱȱ ȱ ȱ ȱ
characters: plastid, frustule appearance (LM) and frustule structure 
ǻǼǯȱ ȱ ȱ ȱ ȱ ȱ ěȱȱ ȱ
number of resolved clades. Frustule structures contained most of 
the phylogenetically informative characters (external raphe path, 
central raphe endings, raphe structure, alveolus opening). However, 
excluding plastid characters prevented the resolution of the 
“subgibba” and “grunowii” clades, supporting the phylogenetic value 
of plastid characters emphasized by Cox (1988) and Cox & Williams 
(2000).  The highest number of resolved clades was obtained by 
¢£ȱ ȱ ȱ ¢ǰȱ ęȱȱ ȱ ȱ
ěȱȱȱȱǯ
Based on the cladistic analyses, the most informative 
characters (CI=1, RI=1) for Pinnularia were the helictoglossa, 
girdle band areolae, surface irregularities, and alveolus opening 
ȱ ǯȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ ȱCaloneis 
silicula and P. acrosphaeria and were not informative for resolving 
ȱęȱȱǯȱȱ ȱ ȱȱȱ
¢ȱ Ĵȱȱ ȱ ȱ ȱ ȱ ȱ ȃȬ
Ȭ” clade is characterized by a synapomorphic 
intermediate alveolus opening length. Krammer & Lange-Bertalot 
(1985) used the alveolus openings to distinguish three groups within 
the Pinnularia/Caloneis complex: open alveoli (in our terminology 
having a length of > 1/3 valve width), half-closed alveoli (1/8 < x < 
1/3; intermediate length), and almost completely closed alveoli (< 1/8 
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valve width), seen in LM as more central or marginal longitudinal 
bands (Krammer, 2000). The clade characterized by intermediate 
alveolus opening length in our phylogenies corresponded to their 
group of “ȱǭȱ¡, P. gibba, C. amphisbaena, C. latiuscula”. 
The two other groups were not recovered. Of course, we did not 
sample all Pinnularia and Caloneis species and further taxon sampling 
is needed to support this preliminary result.
Based on both the morphological and molecular analyses, 
homoplasious characters include valve margins, apical shape, 
stria orientation (both central and apical), all non-structural 
characters, and plastid extension. All other characters showed 
ȱ ¢ȱ Ĵȱǯȱ ȱ Ȭȱ ȱ  ȱ
important for the delineation of phylogenetic groups, such as the 
axial area and presence of fascia for the “subgibba” clade, but on the 
whole structural characters were more informative. The number of 
¢ȱȱ ȱȱȱĴȱǯȱȱȱ¢ȱ
in the P. viridis group had already been noted by Schmid (2001) and 
we retrieved this in our “ȬȬ” clade. 
¡ȱ ǻŗşŞŞǼȱ ȱ ȱ ȱ ȱ ¢ȱ ęȱȱ
of pyrenoids in this genus, and also remarked the great variety in 
plastid shape. Similarly, we found taxa with linear and H-shaped 
plastids. However, it was not always clear whether H-shaped 
plastids were truly single chloroplasts, or the result of integration 
of the outer plastid membranes (pers. comm. David Mann). This 
can only be resolved by thorough examination of the complete cell-
cycle and/or TEM observations. Therefore, it is not clear whether 
the H-shaped plastids characteristic of the “grunowii” clade are 
homologous to the H-shaped plastid of C. silicula or P. microstauron 
(see Figs in Appendix 2, q-q’’). It should be noted that the plastids 
of the “grunowii” clade and P. cf. microstauron have two pyrenoids, 
compared to one pyrenoid in C. silicula, which would indeed suggest 
a two-plastid origin for the former.
Problems in establishing homology were also encountered 
with respect to the elongated central raphe endings of the 
“viridiformis” clade and C. silicula (compare Appendix 5.2, n and n’), 
and in the short alveolar openings of P. acrosphaeria and C. silicula. 
Determination of homology of morphological characters is one of 
the most problematic issues in cladistics (Pimentel & Riggins, 1987; 
Scotland & Pennington, 2000; Wagner, 2001; Rieppel & Kearney, 
ŘŖŖŘǼȱȱȱȱȱ¡ȱȱȱĴȱȱ
(Maximino, 2008; Cox, 2010) and an understanding of the processes 
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underlying morphological evolution (Scotland et al., 2003). However, 
in diatoms developmental pathways have not been investigated for 
most frustule and plastid characters (but see Cox, 1999).
ȱĴȱȱȱȱ¢ȱ¢ȱȱȱȱ
ȱ ȱ ȱ¢ȱȱȱ ¢ȱĴȱȱ
(Pagel, 1997). Ancestral state reconstruction (ASR) is a statistical 
method using MP or ML to estimate the character states of ancestral 
nodes based on the present distributions (Cunningham et al., 1998). 
In our analysis, the most parsimonious and most likely ancestral 
states for Pinnularia were mostly congruent with the morphology 
ȱȱȱ ȱȱǻȱǭȱ ǰȱŗşŜŞǲȱěȱȱ
et al.ǰȱĴȱǼǰȱ¡ȱȱȱȱȱȱȱǰȱ
although a single fossil species (P. spatula Lohman & Andrews) did 
have a fascia. Complex raphe systems and intermediate alveolar 
openings, which are characteristic for the “ȬȬ
viridiformis” clade, are all derived character states for the genus, and 
this is in agreement with the presently known fossil sequence. Based 
on the fossil record, the larger viridis-like taxa are suggested to have 
evolved between the late Eocene and middle Miocene (Lohman & 
Andrews, 1968; Ognjanova-Rumenova & Vass, 1998). It is important 
to remember that phylogenies are only hypotheses of genealogies, 
ȱ ¢ȱ ȱ ȱ ¢ȱ  ȱ Ěȱȱ ȱ
reliability of the ASR (Pagel, 1997). The most problematic drawback 
of the present phylogeny of Pinnularia is the low taxon sampling. 

 ǰȱȱȱȱęȱȱȱȱȱęȱȱȱ
and broader clades within this large genus, and further taxon 
sampling of Pinnularia and Caloneis will undoubtedly improve these 
preliminary phylogenetic estimates.
Acknowledgements
ȱ Ç²¤ǰȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ
provided diatom cultures. Bart Van de Vijver, Elie Verleyen, Joris 
ěȱȱ ȱȱȱȱ ȱ ȱ
samples. Alex Ball assisted with confocal laser scanning microscopy 
ȱ ȱ ȱ ¢ǯȱ ȱ ȱ  ȱ ęȱ¢ȱ
ȱ ¢ȱ Ȭȱ ǻȱ ȱ ęȱȱ ȱ Ȯȱ
Flanders) through funding of CS, by the FWO-project 3G/0533/07, 
and by a European Union SYNTHESYS grant (GB-TAF-77) to CS.
141Morphology of Pinnularia
Appendix 5.1
Description of and comments on the selected frustule and plastid 
characters
Frustule outline
1. Margins: convex (0); parallel (1), undulate (2); constricted in the 
ȱǻřǼǲȱĚȱȱȱȱȱǻŚǼǯȱ
The margins of the frustules in valve view were delimited from 
halfway along one raphe branch, beside the central area, to halfway 
along the second raphe branch. The character, margin, therefore 
describes the central portion of the valve. The relationship between 
the opposite margins can be convex (App. 2, a), parallel (App. 2, b), 
ȱǻǯȱŘǰȱǼǰȱȱȱȱȱǻǯȱŘǰȱǼȱȱĚȱȱ
in the middle (App. 2, e).
2. Apices: cuneate (0); rounded (1); rostrate (2); capitate (3).
ȱ¡ȱȱęȱȱȱȱȱȱȱȱǰȱȱ ¢ȱ
along each raphe branch. In valve view, the outline of the apices can 
be abruptly narrowing toward the tip, like a wedge (cuneate; App. 
2, f) or smoothly rounded (rounded; App. 2, g). Valve apices that 
have undulating margins towards the apex can be divided into two 
groups: the valve may narrow, but never become narrower than the 
apex itself (rostrate; App. 2, h), or it may narrow and then widen 
ȱ ȱȱ¡ȱǰȱȱȱȱěȱȬȱȱȱȱ
“head” (capitates; App. 2, i). 
5DSKHFKDUDFWHUV
řǯȱȱȱȱ¡ȱȱęȱǱ curved (0); undulate (1).
The line of the raphe slit which is visible on the outer side of 
ȱȱȱȱȱȱȱ¡ȱȱęȱǯȱȱęȱȱ
can be continuously curved to one side of the valve only (curved; 
App. 2, j), or can switch its course between the two sides of the valve, 
and undulate over the valve (undulate; App. 2, k).
4. Central raphe endings: elongated drop-like (0); round (1), linear 
(2).
The central raphe endings were observed using SEM and can 
be elongated and drop-like (App. 2, l), round (App. 2, m) or linear 
(App. 2, n-n’).
5. Helictoglossa: tongue-like (0); hooked (1).
The helictoglossa (internal, apical raphe ending) was observed 
using SEM and can have an elongated, tongue-like form (tongue-
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like; App. 2, o) or be hooked (App. 2, p).
6. Raphe complexity: simple (0); three lines visible (1); complex (2).
In cross section, the raphe slit has a parallel “groove” and a 
ȃȄȱǻȱȱŗşşŘȱȱŘȱęȱȱŗȬŚǼǰȱ ȱęȱȱȱȱȱ
other (App. 2, t). The edge of the tongue and the two edges (external 
and internal) of the groove are visible in LM as thin, longitudinal 
lines. The number of visible lines depends on the relative positions 
of these margins. Usually, the outer and inner margins of the groove 
are superimposed and visible as a single line. In this case, two thin 
lines are visible: the groove margins and the tongue edge. Using LM, 
the course of the groove margin can be compared with the straight 
course of the tongue margin. If the groove margin follows the 
course of the tongue margin without crossing it, the raphe is termed 
“simple” and two thin, parallel lines are visible (App. 2, q). If the 
ȱȱȱȱȱȱȱȱěȱȱȱ
ȱȱȱȱȱǰȱȱȱȱęȱȱȱȃ¡Ȅȱ
(App. 2, s). A special case of the simple raphe occurs when the 
two margins of the groove are not superimposed but are visible as 
separate lines. In LM, three non-crossing, thin lines are then visible 
(two lines of the groove and one line of the tongue). Because of the 
¢ȱȱěȱǰȱ ȱęȱȱȱȱȱȱ
character state (three thin lines; App. 2, r).
Axial area
7. Axial area: ȱ ȱȱȬǱȱǱȱŗȦŚȱȮȱŗȦŜȱ
(0); narrow: < 1/6 (1); broad: > 1/4 (2).
The relative width of the axial area was determined halfway 
along the raphe branches in LM and compared with the total width 
of the valve at the same position.
8. Axial area: relative width at central raphe endings: narrow: < 1/2 
(0); broad: between 1/2 and 1/1 (1); valve width: 1/1 (2).
The relative width of the axial area was determined at the 
junction between the central raphe ending and the raphe branch in 
LM, and compared with the total width of the valve at the same 
position. 
Central area
9. Fascia: absent (0); unilateral (1); bilateral (2). 
ȱȱȱȱȱęȱȱǻǼǰȱȱȱȱǯȱ
A fascia can be absent (App. 3, a), only present on one side of a valve 
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(unilateral; App. 3, b), or present at both sides of a valve (bilateral; 
App. 3, c). If both unilateral and bilateral fasciae were present on 
ěȱȱȱȱȱȱǰȱ ȱęȱȱȱȱȱȱ
a “bilateral” fascia. 
10. Central area: shape: elliptical (0); diamond (1); rectangular (2).
We delimited the central area by the junctions between the 
central pores and the raphe branches, thus including the central 
pores. The shape of the central area is determined by the arrangement 
of the adjacent striae. The striae can lengthen very gradually towards 
the apices, forming a convex edge and creating an elliptical central 
area (App. 3, d), or can lengthen more abruptly, forming a concave 
rim and creating a diamond-shaped central area (App. 3, e). If striae 
are absent or no variation in stria length is observed, the central area 
is rectangular (App. 3, f).
6XUIDFH
11. Ghost striae: absent (0); present (1).
	ȱ ȱ ȱ ¢ȱ ęȱȱ ȱ ȱ ȱ ȱ
¢ȱ ęȱȬȱ ȱ ȱ ǯȱ ȱ ȱ ȱ
present, but the outlines of the striae are more or less visible and 
create parallel darker shadows. Ghost striae are for example typical 
for the gibba-group of Pinnularia and can be seen as four spots in the 
central area (indicated by arrows in App. 3, g).
ŗŘǯȱȱǱ absent (0); present (1). 
On the outside of the valve, the central and axial areas can be 
ȱ ȱȱęȱȱ ȱǻǯȱřǰȱǼǯ
Striae
13. Stria orientation: centre: radiate (0); transverse (1).
The striae at the centre of the valve can be oriented parallel to 
the transapical axis of the valve (transverse; App. 3, j) or oblique to 
the transapical axis of the valve, the proximal (to the raphe) ends 
of the striae being closer to the valve centre than the distal ends 
(radiate; App. 3, i).
14. Stria orientation: apex: convergent (0); radiate (1); transverse (2).
The striae near the valve apices can be oriented parallel to the 
transapical axis of the valve (transverse; App. 3, k). They can also be 
oblique to the transapical axis of the valve, distal ends of the striae 
being closer to the valve centre than the proximal ends (convergent; 
App. 3, i), or the proximal (to the raphe) ends of the striae being 
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closer to the valve centre than the distal ends (radiate; App. 3, l).
Alveoli
ŗśǯȱȱȱǱȱproportion of half valve width: > 2/3 
ǻŖǼǲȱŘȦřȱȮȱŗȦŚȱǻŗǼǲȱǀȱŗȦŚȱǻŘǼǯ
The alveoli open on the inner side of the valves and are visible 
using SEM as openings in the chamber roofs above the striae.  The 
length of the alveolus opening was determined halfway along the 
raphe branches and was calculated relative to the distance between 
the raphe slit and the valve margin at the same location. These 
ȱȱȱǁȱŘȦřȱǻǯȱřǰȱǼǲȱŘȦřȱȮȱŗȦŚȱǻǯȱřǰȱǼǲȱǀȱŗȦŚȱ
(App. 3, o)
ŗŜǯȱȱǱ location: central (0); distal (1).
Alveolus openings located halfway between the margin 
and the raphe are termed “central” (App. 3, m-n), while alveolus 
openings located adjacent to the valve margins are termed “distal” 
(App. 3, o). 
Girdle bands
17. Girdle bands: shape of areolae: elongated (0); round (1).
The girdle bands were visualized using SEM and bear a single 
row of areolae. Areolae can be elongated or roundish in shape.
Plastids
18. Plastid: shape: linear (0); H-shaped (1).
Plastids were observed in non-synchronized, exponentially 
growing cultures using LM and confocal laser scanning microscopy 
(CLSM). Cells could contain two large, linear plastids lying along 
each side of the girdle and extending under the valves (linear; App. 
3, p-p’’), or a single plastid, comprising two linear plates lying 
along the girdle and extending under the valves, connected by a 




were categorized as having an H-shaped plastid if a bridge was 
observed in all examined cells. 
19. Plastid: extension under valve face: narrow (0); broad (1).
Both linear and H-shaped plastids have margins that extend 
under the valve face. The degree to which the margins extended was 
described as “narrow” if it was less than or equal to 1/4 valve width, 
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and described as “broad” if it occupied more than 1/4 of the valve 
width.
20. Pyrenoids: number per plastid: one (0); two (1); absent (2).
Pyrenoids are proteinaceous bodies located in the plastid, 
which contain high levels of the enzyme ribulose-1,5-biphosphate 
¡¢Ȧ¡¢ǰȱ  ȱ ȱ ŘȬęȱ¡ǯȱ ȱ ȱ
material is present around the pyrenoids in diatoms. Using regular 
ȱȱǰȱ¢ȱ ȱȱȱȱǻǼȱȱȬĚȱȱ
(CLSM) regions in the plastid (indicated by arrows in App. 3, 
p-q’). We used additional staining with Azocarmine G to improve 
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terrestrial diatoms Pinnularia borealis 
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Abstract
Recent studies based on morphology revealed that the Antarctic 
continent has a high percentage of endemic freshwater diatom 
species, besides a considerable percentage of presumed cosmopolitan 
species. Given the widespread (pseudo)cryptic species diversity 
in diatoms, we used two of these cosmopolitan taxa, Pinnularia 
borealis and 
ĵȱȱ¡¢, to assess the molecular divergence 
between Antarctic strains and strains from other locations. Molecular 
phylogenies based on the plastid gene L and the nuclear 28S 
rDNA (D1-D2 region) revealed that P. borealis and 
ǯȱ¡¢ are 
two species complexes consisting of multiple genetically distinct 
lineages, each including a distinct Antarctic lineage. A molecular 
time-calibration estimates the origin of the species complex P. borealis 
řśǯŜȱȱ¢ȱǻǼȱǰȱȱȱęȱȱ¡ȱȱĴȱȱȱ
22.0 Ma, making this the oldest known diatom species complex. 
The Antarctic P. borealis lineage is estimated to have diverged 7.7 
(15-2) Ma ago from a European sister lineage, largely after the 
ęȱȱȱȱȱȱȱ ȱȱȱȱ
isolation of the continent, and after the start of the Mid-Miocene 
cooling event which resulted in the formation of a permanent ice 
sheet and full polar conditions. In addition, the Antarctic lineages 
of both P. borealis andȱ
ǯȱ¡¢ diverged physiologically from 
most lineages from more temperate regions and tend to have a 
higher relative growth rate at low temperature, a lower optimal 
temperature and lower lethal upper temperature, indicating niche 
ěȱǯȱȱǰȱȱȱȱȱ¢ȱȱȱ
presumed cosmopolitan Antarctic diatom species are in fact species 
complexes, possibly containing Antarctic endemic species.
Key words: thermal adaptation, L, LSU rDNA, cryptic diversity, 
diatoms, biogeography, Antarctica, dispersal limitation, allopatric 
speciation
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6.1 Introduction
The Antarctic continent is a geographically and thermally isolated 
area. Since the breakup of Gondwana 180 Ma ago it gradually drifted 
away from other land masses, resulting in a strong geographical 
isolation. During the Eocene (50-32 Ma), the gradual opening of the 
ocean between Antarctica and Australia respectively South America 
triggered the establishment of circumpolar winds and ocean currents 
which blocked heat transfer from the tropics. This resulted in the 
thermal isolation of the Antarctic continent and the formation of a 
continental ice sheet (Lawver & Gahagan, 2003; Barker & Thomas, 
2004; Brown et al., 2006). Since at least 14 Ma, the Antarctic continent is 
therefore a cold and windy desert, characterized by extreme climatic 
conditions constituting an ecological challenge for any resident or 
colonizing organism (Block et al., 2009). The remaining ice-free regions 
ȱȱȱ¢ȱĴȱǰȱ¢ȱȱȱǰȱ
ȱ¢ȱĚȱȱ¢ȱȱ¢ǰȱȱȱȱȱ
extinction risks and low colonization rates (Pugh & Convey, 2008). As 
a result, the Antarctic region, and especially continental Antarctica, 
ȱ £ȱ¢ȱȱ¢ȱ ȱĚȱȱȱ ȱ ǻ ȱ
Smith, 1984) and a high incidence of endemism in both freshwater 
and terrestrial habitats for macroscopic organisms such as dipterans 
(Currie & Adler, 2008), pycnogonids (Munilla & Membrives, 2009) 
and Collembola and Oribatida (Greenslade, 1995; Marshall & Pugh, 
1996). Based on discontinuities in species distributions for several 
of the above taxonomic groups, the continent is subdivided into 
two biogeographic regions, namely the continental and maritime 
ȱǰȱ ȱȱȱ¢ȱȱȬȱ	Ĵȱȱȱ
situated in the South of the Antarctic Peninsula (Chown & Convey, 
2007).
For microalgae, inferring species’ geographic distributions 
was until recently hampered by undersampling and taxonomical 
problems due to the limited number of available morphological 
characters and the uncertain interpretation of small morphological 
ěȱǯȱ ȱ ȱ ǰȱ ¢ȱ ǻŗşşŜǼȱ ȱ ȱ
the Antarctic diversity is low, and lower in continental than in 
maritime Antarctica, with only a small element of endemic species. 
This conclusion is now contradicted by molecular phylogenies 
with separate Antarctic lineages of cyanobacteria and green algae, 
suggesting a long history of isolation on the continent (Taton et al., 
2003; Taton et al., 2006; De Wever et al., 2009). For lacustrine diatoms, 
a substantial body of work in the (sub-)Antarctic based on careful 
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morphological analysis showed (1) a highly impoverished diatom 
Ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǻ¢ȱ et 
al., 2007), (2) an overrepresentation of typical terrestrial genera and 
poverty of globally successful genera and planktonic taxa (Verleyen 
et al.ǰȱ ĴȱǼǰȱ ǻřǼȱ ȱ ȱ ȱ ȱ ȱ ȱ
provinces, being the sub-, maritime, and continental Antarctic 
(Verleyen et al.ǰȱ ĴȱǼǰȱ ȱ ǻŚǼȱ ȱ ȱ ȱ ȱ ǻȬǼ
Antarctic endemic species (27-63%, Verleyen et al.ǰȱ ĴȱǼȱ
ȱ Ĵȱȱȱ ȱ ȱȱĚȱȱ ǻȱȱȱet al., 2005). 
Together, this suggests that colonization is limited on both a 
regional and continental scale, and that allopatric speciation, or 
ȱȱȱĚȱȱȱȱȱȦȱȱ
selection during long-term geographic isolation (after rare long-term 
ȱȱȦȱȱȱȱȱȱȱ
or continental drift) (Mayr, 1963; Coyne, 1992; Rice & Hostert, 1993), 
ȱ ȱ ȱ ȱęȱȱȱȱȱȬȱ ȱ
microorganisms, contrary to the hypothesis that microorganisms 
have unlimited dispersal probabilities (Beijerinck, 1913; Finlay, 2002; 
Finlay et al., 2002). 
However, besides this high number of endemic morphospecies, 
there also appears to be a substantial fraction of cosmopolitan diatom 
morphospecies on the Antarctic continent (Verleyen et al.ǰȱĴȱǼǯȱ
How this should be interpreted is unclear, given the prevalence of 
(pseudo)cryptic species diversity in diatoms (e.g. Sarno et al., 2005; 
Evans et al., 2008; Trobajo et al., 2009). They might be truly generalistic, 
cosmopolitan species which have (recently) colonized the Antarctic, 
or it might concern cryptic species complexes containing genetic 
lineages with potentially restricted geographic distributions (Boo et 
al., 2010) and ecological niches (Vanelslander et al., 2009; Vanelslander 
et al., unpubl.). In that respect, it is well-known that many Antarctic 
algae have evolved special ecophysiological properties in response 
to the extreme climatological conditions (Kirst & Wiencke, 1995). 
For instance, several marine diatoms are obligately psychrophilic: 
optimum temperatures are at 3°-5° C and temperatures above 6°-
8° C are lethal (Fiala & Oriol, 1990). Cryptic lineages (or species, 
ȱ£ǰȱŘŖŖŝǼȱȱȱęȱȱȱȱ¢ȱ
based on species-level molecular markers (e.g. De Vargas et al., 1999; 
Beszteri et al., 2007; Boo et al.ǰȱ ŘŖŗŖǼǯȱȱ Ĝȱȱ¢ȱ ǰȱ
such phylogenies can be time-calibrated using the fossil record, 
feasible for diatoms given their resistant siliceous cell walls (Sims et 
al., 2006), and combined with geographical distributions and niche 
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£ȱȱȱȱĴȱȱȱȱȱ¢ȱ
history of these (cryptic) lineages (see e.g. Darling et al., 2007; 
Verbruggen et al., 2009).
The diatom morphospecies Pinnularia borealis Ehrenberg and 

ĵȱȱ¡¢ (Ehrenberg) Grunow are two common taxa in 
mainly terrestrial habitats on all continents, including Antarctica 
(Krammer & Lange-Bertalot, 1986, 1988). For both taxa, some 
morphological variants have been described as varieties, but there 
is morphological overlap and as a result their taxonomic status is 
uncertain (Cleve-Euler, 1952; Krammer & Lange-Bertalot, 1986; 
Krammer, 2000). In this study, we (1) test whether both taxa are 
species complexes with a distinct Antarctic lineage or not, (2) estimate 
divergence times for any such lineage(s) in P. borealis based on a 
time-calibrated Pinnulariaȱ ¢¢ȱ ǻěȱȱ et al.ǰȱ ĴȱǼǰȱ
and (3) determine the temperature preferences of Antarctic strains 
in comparison to their more temperate counterparts. To this end, 
we isolated monoclonal strains of P. borealis and 
ǯȱ¡¢ from 
continental Antarctica and (cold) temperate regions in Europe, 
the Americas and Asia. These were used to construct molecular 
phylogenies based on L and the D1-D2 region of 28S rDNA, 
calculate lineage divergence times using molecular-clock methods 
for P. borealis, and assess strain growth rates over a temperature 
gradient from 3°-32°C.
6.2 Materials & Methods
Taxon sampling
We used 52 monoclonal strains of Pinnularia borealis (Table 6.1) and 
31 of 
ĵȱ, including 
ǯȱ¡¢, H. abundans and 
ĵȱȱ
ǯȱ ǻȱ ŜǯŘǼȱ ȱ ȱ ěȱȱ ǰȱ ȱ ȱ
Schirmacher Oasis on continental Antarctica. Geographic origin of 
the strains is listed in Tables 6.1 and 6.2. In the future, more detailed 
information about sampling dates and localities will be available 
in the barcode database (www.boldsystems.org) in which all used 
strains will be included. Per location, multiple environmental 
samples were used. Environmental samples were taken by scraping 
the upper half cm of bare soil using a sterile falcon tube. 
For the non-Antarctic samples, a small amount of soil was 
incubated upon arrival in the lab in liquid WC medium (Guillard & 
Lorenzen, 1972, but without pH adjustment and vitamin addition) 
at standard culture conditions of 18°C, 25-30 μmol ph m-² s-1 light 
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intensity and a 12:12 hours light:dark period. Within the next week, 
cells resembling P. borealis and 
ǯȱ¡¢ were isolated under a 
ȱȱȱȱȱĴȱǯȱȱȱ ȱ
maintained under standard culture conditions and re-inoculated 
when reaching late exponential phase. Antarctic samples were kept 
cold during transport and were incubated in WC medium at 5°C and 
low light intensities (ǯ 5 μmol ph m-² s-1) to prevent the death of 
possibly psychrophilic diatoms. Isolations of cells using needle and 
Ĵȱȱ ȱȱ ȱȱ¡ȱŗŖȱ¢ǯȱȱ
ȱ ȱęȱȱȱȱŞǚȱȱȱȱŗśǚȱȱȱȱ
demonstrated that the Antarctic cultures tolerated this temperature.
 
Morphological observations
Cultures were harvested for morphological observations in 
late exponential phase, oxidized using hydrogen peroxide and 
embedded in Naphrax®. Pictures were taken using a Zeiss Axioplan 
2 microscope equipped with an AxioCam Mrm camera. Valve length, 
width and stria density of 10 valves per strain were measured using 
ȱ ŗǯřŝȱ  ǯȱ ęȱȱ  ȱ ȱ ȱ ȱ
(2000) for Pinnularia borealis and Lange-Bertalot (1993) for 
ĵȱ. 
ęȱȱȱȱȱȱ ȱ ȱȱŜǯŗȱȱ
6.2, respectively. Voucher material is kept in the Laboratory of 
Protistology & Aquatic Ecology (Gent University, Belgium) and is 
available upon request.
Molecular-genetic analyses
Cultures were harvested for genetic analyses in exponential phase, 
and DNA was extracted from centrifuged diatom cultures following 
Zwart et al. (1998) using a bead-beating method with phenol extraction 
ȱȱǯȱȱ¡ǰȱȱ ȱęȱȱ ȱȱ
Wizard® DNA Clean-up system (Promega). Sequences of the D1-D2 
region of the nuclear 28S rDNA and of the plastid gene L were 
ęȱȱ  ȱȱȱȱȱȱ ǻȱ
et al., 1994; Daugbjerg & Andersen, 1997; Jones et al., 2005). Primer 
sequences, PCR conditions and sequencing protocol are described in 
ȱȱěȱȱet al. ǻĴȱǼǯ
Outgroups of P. borealis were based on a genus phylogeny of 
Pinnulariaȱǻěȱȱet al.ǰȱĴȱǼȱȱȱǯȱǯȱ 
(B2)c, ǯȱǯ (Wie)a, ǯȱǯȱPin873, ǯȱ var. elongata Krammer 
Corsea10, ǯȱ  W. Smith Pin876, ǯȱ  Krammer 
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Corsea 2, ǯȱ  Krammer Pin706. For 
ǯȱ ¡¢, all 
available strains of 
ĵȱȱ ęȱȱȱȱȱ
ǯȱ¡¢ 
were used as outgroup (Table 6.2). Sequences were separately 
edited and automatically aligned using ClustalW (Thompson et al., 
1994) implemented in BioEdit 7.0.3 (Hall, 1999). Plastid sequences 
aligned unambiguously without any gaps. The alignment of 28S 
was corrected manually using the secondary structure of ȱ
radians (Ben Ali et al., 2001) after which ambiguously aligned regions 
were removed. For P. borealis, sequence lengths of 1,428 and 511 
sites were used for L and 28S rDNA, respectively. For 
ĵȱ 
this was 1,457 and 525 sites, respectively. The L alignement was 
ȱȱȱęȱȱ ǰȱ ȱȱȱȱȱ
a separate third codon position. The 28S was analyzed as a single 
partition. Datasets of Pinnularia borealis and 
ĵȱ ¡¢ 
were analyzed separately. Model selection was performed using 
TreeFinder (Jobb et al., 2004) on the concatenated dataset using a 
three-partition strategy (28S, and two codon positions of L) and 
on the single genes, and based on the Bayesian Information Criterion 
(BIC, Schwarz, 1978) as a selection criterion.
Individual genes and concatenated datasets were analysed 
by maximum likelihood phylogenetic inference using RAxML 7.2.6 
ǻǰȱŘŖŖŜǼȱȱȱȱ	ƸɫŚȱȱ ȱŗŖǰŖŖŖȱ
independent tree searches from randomized MP starting trees. 
Maximum likelihood bootstrap analyses (Felsenstein, 1985) consisted 
of 1,000 replicates. Bayesian inference was applied using MrBayes 
v.3.1.2 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 
2003) with the same models and partition schemes. Using default 
Ĵȱǰȱ  ȱ ȱ ȱ  ȱ ȱ ¢ȱ ȱ
Metropolis-coupled Monte-Carlo Markov Chains were run for 
ten million generations for the individual genes and 30 million 
generations for the concatenated datasets. Runs were sampled every 
1,000th generation and convergence and stationarity of the log-
likelihood and parameter values was assessed using Tracer v.1.5 
ǻȱ ǭȱ ǰȱ ŘŖŖŝǼǯȱ ȱ ęȱȱ ŗŖƖȱ ȱ  ȱ
discarded as burn-in for the individual gene and multi-gene analyses. 
ȱ ȬȬȱ ȱ ȱ ȱ ěȱȱ ȱ  ȱ £ȱ
and posterior probabilities (PPs) were calculated in MrBayes using 
the sumt command. All analyses were performed using the publicly 
available computer resource Bioportal (Kumar et al., 2009).
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Molecular time-calibration
Based on the molecular dataset, the phylogenetic relationships of P. 
borealis were placed in a time frame by constructing a time-calibrated 
phylogeny. Calibration of the molecular clock was based on the 95% 
highest posterior desities (HPD) resulting from the preferred time-
calibration of the Pinnulariaȱ ȱ ¢¢ȱ ȱ ěȱȱ et al. 
ǻĴȱǼȱ ȱ ȱȱ¢ȱȱȱǯȱȱȱ
of the phylogeny of P. borealis were constrained (gray circles in Fig. 
6.2) using each a uniform distribution of their recovered 95% HPD. 
L was partitioned into codon position (1st +2nd combined), LSU 
was used as a single partition. Metropolis-coupled Monte-Carlo 
Markov Chains were run by BEAST v1.5.4 (Drummond & Rambaut, 
ŘŖŖŝǼȱ ȱ ȱ 	ȱ Ƹȱ ̆Śȱȱ ȱ ȱ ȱ ȱ ȱ ¡ǰȱ
uncorrelated lognormal clock model and Yule tree prior. Three 
independent analyses, each started by a UPGMA tree, were run for 
100 million generations and sampled every 1,000th generation. Burn-
in values of 30 till 40% were assessed using Tracer v.1.5 (Rambaut 
& Drummond, 2007). All post-burn-in trees were combined after 
which the maximum clade credibility chronogram with mean node 
heights was calculated using TreeAnnotator v.1.5.4.
Temperature preference experiments
For P. borealis, we selected per environmental sample two genetically 
characterized strains for the experiments, giving in total 22 strains 
(Table 6.1). The cells of the cultures from the Chilean samples Tor12 
and Tor3 were too small to be used. For 
ĵȱ, we selected 
¢ȱ ȱ ȱ ęȱȱ ȱ 
ǯȱ ¡¢ and their genetically 
nearest sister taxon (St3)a. All Antarctic strains and 1 or 2 strains 
per lineage were analyzed (depending on the availability), giving 
in total 11 strains (Table 6.2). Before experimental treatment, all 
strains were grown in standard culture conditions at 15°C during 
at least 2 months. The growth rate of the strains was assessed over 
a temperature range from +2.9°C to +32.4°C using a temperature 
ȱȱǻǰȱǯǼȱȱĚȱȱȱȱȬ
adapted cells (F0) as a proxy for density (Consalvey et al., 2005). 
ȱĚȱȱǰȱȱ ȱȬȱȱ
15 minutes at 18°C, and F0 was measured daily during 7 days by 
ȱ ȱ ȱ ǻǼȱ Ěȱȱ ȱ ȱ ĵȱȱ
ȱ Ȭȱ ǻȬǼȱ ȱ ȱ Ĵȱǰȱ ¢ȱ ȱ
12, gain of 8 and damping of 1. The experiments were carried out in 
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ȱȱ ȱȱŘŚȬ ȱȱȱȱȱ ȱęȱȱ ȱşȱ
series of 4 plates. Each of the four rows of wells in a series of plates 
ȱȱȱęȱȱǰȱ ȱȱȱȱŘŚȱ ȱǻŚȱ
plates in a series, 6 wells per plate) were available per temperature in 
ȱȱ¡ǯȱȱȱŗŘȱěȱȱ¡ȱȱ
were selected, spread over the 9 series of plates. Per temperature, 
strains were randomly inoculated in the wells. Replicates were 
ȱȱěȱȱ¡ȱ ȱȱ¢ȱȱěȱȱȱ
experiment. 
ȱ ȱ ȱ ȱ ěȱȱ ȱ ȱ  ȱ ȱ ȱ
ȱ ȱ ěȱȱ ȱ ȱ ȱ ȱ ěȱȱ ȱ ¢ȱ
condition, all strains were prior to the experiment inoculated at 
ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ Ŗȱ ȱĚȱȱ
ȱ ȱ ŖǯŖśŖȱ ȱ ȱ Ȭȱ Ĵȱȱ ȱ  ȱ
during 5 days in standard culture conditions in 6-well plates. Next, 
all strains were again re-inoculated at an F0-value of 0.050 and 
grown for 5 days during which the culture medium was refreshed 
daily to keep them in exponential phase. Together, this treatment 
ensures growth in early to mid-exponential phase for all strains for 
in total approximately 5 generations. The strains were harvested by 
Ĵȱȱȱȱȱȱ ȱȱȱȱȱ¢ȱȱ
0.025 (F0-value), after which they were placed on the gradient table. 
ȱ ȱ  ȱ ȱ ¢ȱ ¢ȱ ȱ Ěȱȱ ȱ
ȱǯȱȱǰȱȱěȱȱ ȱȱȱ
each temperature series were placed back in random order at their 
appropriate temperature on the table. The temperature of each well 
was measured using a calibrated precision thermometer (Ebro) at 
the end of each experiment, and average temperature was calculated 
ȱȱ ȱȱȱęȱ¢ȱȱȱȱ ȱ
experiments per assessed temperature. To calculate the growth rate 
for each temperature per strain, F0-values were log 2 transformed, 
ȱ ȱ ȱ ȱ ȱ ȱ  ȱ Ĵȱȱ ȱ ȱ ǻȱ




In total 52 strains of P. borealis were studied, including the 
morphological varieties borealis,  and  (Table 
6.1). For 
ĵȱ, from the 31 strains only 11 strains could be 
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morphologically assigned to 
ĵȱȱ ¡¢ (stria density of 
ŘŖȬŘşȦŗŖȱΐǼǰȱ ȱȱȱȱȱȱ ȱęȱȱȱH. 
abundansȱ ǻȱ¢ȱȱ ŗśȬŘŖȦŗŖȱΐǼȱ ǻȱŜǯŘǼǯȱ ȱ ȱ
ȱȱȱęȱȱȱȱ ȱȱǰȱȱ ȱ
reported as 
ĵȱȱǯŗ, ǯȱŘ and ǯȱř or 
ǯȱǯȱ¡¢.
Molecular-phylogenetic analyses of 
P. borealis
Analyses using ML and BI gave identical results based on the 
individual genes and concatenated dataset. Therefore only the 
ML phylogeny of the concatenated analysis is shown in Fig. 6.1. 
ȱ  ȱ ¢ȱ ǻěȱȱ et al.ǰȱ ĴȱǼǰȱP. borealis was 
recovered as monophyletic. Within the P. borealis lineage, eight 
highly supported lineages can be clearly delineated (indicated by 
grey boxes in Fig. 6.1). These same lineages were all resolved with 
high support in the individual gene phylogenies, enhancing the 
¢ȱȱȱȱȱȱěȱȱǯȱȱ
ȱȱȱȱȱȱěȱȱȱǽȱ
+ French Alps; Czech Republic + Canada (1); Belgium + Canada (2)]. 
There appears to be some (phylo)geographic signal within these 
ȱȱȱ ȱěȱȱ ȱ ǻȱvs. Europe, 
and Belgium vs.ȱȱǼȱȱěȱȱǯȱȱȱȱ
ȱ ȱ ȱ ǻȱ ƽȱ 	ǰȱ Ǽȱ ȱ ěȱȱ ȱ  ȱ
detected and a single sediment sample (St6) contained two lineages, 
showing that at least some of the lineages occur sympatrically. Only 
a single morphological variety, var. , is restricted to a single 
ȱ ǻǯȱ ŜǯŗǼǰȱ ȱ  ȱȱȱȱ Ĵȱȱ ȱ
ȱ ¢¢ȱ ȱ ȱ ȱ ȱ ȱ ¢ȱ ęȱȱ




lineages diverged on average between 11.9 and 5.0 Ma ago, with a 
minimum and maximum 95% HPD of 0.45 and 17.91 Ma over all 
lineages. 
Molecular-phylogenetic analyses of 
H. amphioxys
Again, we only show the ML phylogeny based on the concatenated 
dataset since both ML and BI and the two individual genes gave 
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Fig. 6.1ȱ¡ȱȱ¢¢ȱȱȱrbcȱȱȱŗȬŘȱȱȱŘŞȱȱ
for P. borealisȱ ȱ ȱȱ ȱȱ Ȭȱȱǯȱȱ ȱ
ȱ¢ȱ¢ȱ¡ǰȱ ȱȱ¢ȱ¡ȱȱȱȱȱ¢ȱȱ
ȱǯ
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identical results (Fig. 6.3). All 
ĵȱȱ ¡¢ strains were 
recovered as a monophyletic clade. In total 5 
ǯȱ¡¢ lineages 
can be delineated (indicated by grey boxes in Fig. 6.3), of which 
4 were isolated from a single site in Belgium (St = Gent, Sterre). 
Compared to the P. borealis phylogeny, the branch lengths between 
these lineages are much shorter. Outside the 
ǯȱ ¡¢ clade, 
ȱ ȱ ȱ ȱ ȱ ęȱ¢ȱ ȱH. 
¡¢ (H. ǯȱ ¡¢), two of which were placed in a large 
clade containing most other 
ĵȱ strains, another one as sister 
to the 
ǯȱ¡¢ clade (Fig. 6.3). Also for other strains, e.g. those 
ęȱȱ ȱH. abundans or 
ǯȱ ǯȱ ŗǰȱ ȱ ęȱȱ ȱ ȱ
morphology in LM often didn’t match the separation in lineages in 
the phylogeny.
Thermal adaptation in P. borealis
Average growth rate per lineage versus temperature is shown in Fig. 
6.4 The optimal growth temperature (i.e. the temperature at which the 
highest growth rate is observed) of the Antarctic lineage lays around 
15°C, while for most other lineages this is situated around 20-24°C. 
The Antarctic lineage is thus clearly adapted to colder temperatures. 
Note however that the lineage containing the Mongolian strains 
 ȱȱȱ ȱȱęȱȱȱȱȱǯȱȱȱ
upper lethal temperature is situated around 24°C for the Antarctic 
and Mongolian strains, while this lies between 25 and 29°C for the 
other lineages, indicating that the Antarctic strains have lost the 
capacity to survive at higher temperatures. The lineage Canada(1)-
Czech Republic and the lineage from the French Alps are intermediate 
concerning their upper lethal temperature. Meanwhile, because 
the strains of the French Alps underwent cell size enlargement in 
culture (the mechanism was not observed), these results should 
be interpreted with caution. Despite this, the two colder-adapted 
ȱǻȱȱǼȱȱȱȱęȱȱȱȱ
of P. borealis (Fig. 6.1, upper clade), while the higher temperature 
tolerant lineages all form a second subclade (Fig. 6.1, lower clade).
Thermal adaptation in H. amphioxys
Similar to the P. borealis species complex, the optimal and upper 
lethal temperatures of the Antarctic lineage are lower compared 
to the other lineages (Fig. 6.5), but to a lesser extent than in the P. 
borealis species complex (Fig. 6.4). The optimal temperature lays 
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around 20°C for the Antarctic lineage, and around 23°C for the other 
lineages. The temperature preference of the single 
ǯȱǯȱ¡¢ 
strain (St3)a sister to the 




Based on the molecular phylogenies, P. borealis and 
ǯȱ ¡¢ 
consist of multiple genetically diverged lineages, including a distinct 
Antarctic lineage. Based on a molecular clock estimate, the species 
complex P. borealis originated between 30 and 47 Ma ago, while the 
Antarctic lineage of P. borealis is estimated to have diverged around 
7.7 Ma ago from its sister lineage. In addition, the Antarctic lineages 
of both P. borealis and 
ǯȱ¡¢ diverged in optimal temperature 
and in upper lethal temperature from the lineages from more 
temperate regions. Taken together, despite our doubtlessly non-
exhaustive taxon sampling, this indicates that the high percentage of 
endemics found on the Antarctic continent as reported by Verleyen et 
al.ȱǻĴȱǼȱȱȱȱȱȱȱȱȱ
reality of the other presumed cosmopolitan species in the Antarctic. 
 (Pseudo)cryptic speciation has been reported in a variety of 
diatom genera (Sarno et al., 2005; Mann & Evans, 2007; Vanormelingen 
et al., 2008; Trobajo et al., 2009; Vanelslander et al., 2009) and we 
gathered genetic indications that Pinnularia borealis and 
ĵȱȱ
¡¢ȱ ȱ ȱ ȱ ȱ ȱ ǯȱ ȱ ȱ Ĵȱȱ ȱ ȱ
molecular phylogenies is composed of groups of strains with few 
nucleotide substitutions (i.e. lineages) compared to the large number 
of substitutions separating them, which is typical for the species level 
(e.g. Jargeat et al., 2010; Tronholm et al., 2010). The fact that identical 
ȱ ȱȱ¢ȱ ȱěȱǰȱȱȱǻin 
 L and 28S rDNA), even when it concerned sympatric strains, 
ȱȱǯȱȱȱȱ¡ǰȱȱěȱȱ
lineages have no clearly distinct morphologies, and only correspond 
¢ȱ ȱ ȱ ęȱȱ ȱ ȱ ȱ ¢ǯȱ ȱ
doubt whether further morphological examination could reveal 
ǻȱ ȱ Ǽȱ ȱ  ȱ ȱ ęȱ¢ȱ ¢ȱ
ȱ ěȱȱ ǯȱ ȱ ǻ	¢ȱ ǭȱ 	¢ǰȱ ŘŖŗŗǼȱ ȱ Śśȱ
varieties of P. borealis, while the 7 varieties mentioned in Krammer 
(2000) already overlap in described morphological characteristics. 
Concerning 
ǯȱ¡¢, 25 varieties are mentioned in AlgaeBase 
(Guiry & Guiry, 2011), and Cleve-Euler (1952) characterized ǯ 30 
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ęȱȱ¡ȱ ȱȱ
ǯȱ¡¢, while Krammer 
& Lange-Bertalot (1988) recognized the extreme morphological 
diversity in 
ǯȱ¡¢ but estimated the disentanglement of this 
complex beyond reach. On the other hand, advanced morphometrics 
has been useful for separating pseudocryptic species in a few of the 
more diverse diatom species complexes (Droop et al., 2000; Mann 
et al.ǰȱ ŘŖŖŚǼǯȱ ȱ ǰȱ ȱ ęȱȱ ȱ ȱ ȱ
¢ȱȱ¢ȱ ȱ ¢ȱȱĜȱȱȱ ȱ ǯȱ
DNA barcoding, a diagnostic technique in which short characteristic 
ȱǻǼȱȱȱ ȱȱ ęȱȱ ǻ
ȱet al., 
2003; Savolainen et al.ǰȱ ŘŖŖśǼǰȱ ȱ ěȱȱ ȱ ȱ ǻȱ et al., 
2010). 
 The genetic divergence between the Antarctic and other 
P. borealis and 
ǯȱ ¡¢ lineages indicates that dispersal is 
limited enough to allow lineage divergence or speciation on the 
Antarctic continent, even for such abundant terrestrial diatoms. 
While the sampling of strains from the non-Antarctic locations 
ȱ ȱ ¡ǰȱ  ȱ ¢ȱ ȱ ¢ȱ ěȱȱ
lineages in P. borealisȱȱȱěȱȱȱȱȱǰȱ
ȱ ȱ ǯȱ 	¢ȱ ȱ ȱ Ěȱ ȱ ȱ ȱ
suggested by the observation that strains within the same lineage 
ȱȱěȱȱȱȱȱȱȱȱ
mutations, indicating that there is phylogeographic structure within 
lineages between and perhaps even within continents. However, 
this should be investigated in more detail by increasing the number 
of sampled locations and by increasing the number of individual 
strains sampled per population. Furthermore, a high number of 
sequenced individuals per meta-population (i.e. per species) is 
¢ȱȱȱȱȱ¢ȱ ȱȱęȱȱǯȱ
That way, algorithmic sequence-based species delimitation which 
determines the boundary between species and populations can be 
performed (Pons et al., 2006; Monaghan et al., 2009). On a chronogram, 
the transition from the species-level processes (speciation and 
extinction) to population-level processes (coalescence) is association 
with a sudden increase in branching rate (i.e. a sudden increase in 
ȱȱěȱȱ¢Ǽǯ
Compared with freshwater habitats, soils are characterized 
by a higher spatial availability and continuity, while the dryer 
sediment is more susceptible to be picked up by air currents (Chepil, 
1956). Combined with the relatively high tolerance of soil-inhabiting 
diatoms, including P. borealis and 
ǯȱ¡¢, compared to their 
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Fig. 6.4ȱ Ȭȱ  ȱ ȱ ȱ P. borealisǯȱ ȱ ȱ ȱ ȱ
 ȱȱȱȱȱȱȱȱȱȱŘŘȱP. borealisȱǰȱȱȱ
ȱ ȱȱǯ
Fig. 6.5ȱ Ȭȱ  ȱ ȱ ȱH. amphioxysǯȱ ȱ ȱ ȱ
ȱ ȱȱȱȱȱȱȱȱȱȱŗŗȱH. amphioxys ǰȱ
ȱȱȱȱ ȱȱǯ
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ȱȱȱȱ¡ȱǻěȱȱet al., 2010) 
ȱȱȱǻěȱȱet al., unpubl. b), this will enhance 
the dispersal potential and thus colonization chances of these 
diatoms. Living cells of 
ĵȱȱ¡¢ have been encountered 
ȱȱȱȱ ȱȱǻ	ȱǭȱ	ěȱǰȱŗşŜŜǼȱȱȱ
a colonization experiment on the roof of a university building (C. 
ěȱǰȱǯȱǼǯȱĴȱȱȱ ȱȱǻ Ǽȱȱȱ
ȱ ěȱȱ ȱ ǰȱ ȱ ȱ ȱ ȱ ȱ¢ȱ
encountered at low heights, close to the soil (Van Overeem, 1937; 
Schlichting, 1961; Brown et al., 1964), suggesting that short distance 
ȱȱȱ ȱȱȱęȱ¢ȱȱ ȱȬȱ
dispersal might be associated with much higher mortalities. In any 
case, if any diatom species had a high chance of being cosmopolitan, 
it would have been P. borealis and 
ǯȱ¡¢, making it likely that 
many of the other so-called cosmopolitan species on (sub-)Antarctica 
are also species complexes with a distinct (sub-)Antarctic lineage.
 The Antarctic continent is highly isolated, and we can 
realistically assume that the surrounding oceans are a relatively 
strong dispersal barrier for diatom cells. The age of the species 
complex P. borealis, being between 30 and 47 Ma, has allowed it to 
colonize all continents, including the Antarctic. Based on our taxon 
sampling the current Antarctic lineage of P. borealis present in the 
Schirmacher Oasis is estimated to have diverged between 15 and 2 
Ma ago from its sister lineage, which is fairly recent compared to the 
ȱȱ ȱȱ¡ǰȱȱȱ ¢ȱȱȱ ȱęȱȱ
opening of the Drake Passage between the Antarctic Peninsula and 
South America around 14 Ma (Lagabrielle et al., 2009) and after the 
start of the Mid-Miocene cooling event of the Antarctic continent, 
which resulted in the increase of the East Antarctic ice sheet and 
ȱȱȱȱȱȱȱǻ ȱǭȱĴȱǰȱ
1994). This corresponds to divergent dates of Antarctic mites and 
springtails from the sub-Antarctic lineages (Stevens et al., 2006; 
Mortimer et al., 2011). These time estimates indicate the establishment 
of P. borealis on the geographically isolated continent through long-
distance dispersal, and subsequent lineage divergence. It is yet 
unclear whether any P. borealis inhabiting the continent before the 
Mid-Miocene cooling went extinct, or if there still is a second more 
ancient P. borealis lineage on the continent, which started diverging 
after opening of the Drake passage but is currently regionally absent 
from the Schirmacher Oasis. Alternatively, for P. borealis, the upper 
limit of divergence for the Antarctic lineage (15 Ma) is correct and 
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ȱȱȱȱȱȱȱȱȱ ȱȱęȱȱ
opening of the Drake passage or the Mid Miocene cooling event 
triggering allopatric speciation.
 The growth rate experiments show that the Antarctic lineages 
of P. borealis and 
ǯȱ¡¢ have a relatively low optimal growth 
temperature and low upper temperature limit compared to lineages 
from more temperate areas. However, they are not psychrophilic, 
in contrast to a range of marine planktonic diatoms which die at 
temperatures no higher than 12-15°C (Bunt et al., 1966; Van Baalen 
& Odonnell, 1983; Fiala & Oriol, 1990; Thomas et al., 1992; Smith et 
al., 1994). This might be related to the fact that their habitat is less 
ěȱȱ ȱ ȱ ǯȱ ȱ ȱ Ȭ¡ȱ
shallow water and wet soils or seepages, temperatures can be as 
high as 15°C even on continental Antarctica. In the Antarctic H. 
¡¢, there is a modest shift in temperature preference with 
the most closely related temperate lineages, implying the loss of the 
ability to grow well at temperatures well above 20°C. For Antarctic 
P. borealis, the most closely related lineages from the French Alps 
and the Mongolian Khangai mountain range have quite similar 
ȱęȱǯȱȱȱ ȱ ȱȱȱ ȱ
above 20°C group into another lineage suggesting that there might 
be some phylogenetic signal in temperature preference in P. borealis. 
Species from one clade might be adapted to warmer climates, while 
species from the other clade, including the Antarctic lineage, might 
inhabit colder climates. Thermal adaptation related to climatic zones 
ȱ ȱ ȱ  ȱ ȱ ȱ Ěȱȱ (Boenigk et 
al., 2007) and the marine diatom ¢ (Vanelslander et al., 
unpubl.), and our results contribute to the idea that protist species 
ȱȱȱȱȱȱȱęȱȱȱ
zones. 
Here, we have shown for two cosmopolitan diatom 
ȱȱ¢ȱȱȱěȱȱȱ ȱȱȱ
continental Antarctic lineage which has diverged in its temperature 
preference from more temperate counterparts. However, many 
ȱ ȱ ȱ ȱ ęȱȱ ȱ ¢ǯȱ
Further research should therefore focus on assessing the geographic 
distribution of P. borealis and 
ǯȱ ¡¢ lineages, especially in 
the (sub-)Antarctic and Arctic, to further unravel the evolutionary 
history of (polar) diatom lineages. More complete molecular 
phylogenies through more extensive taxon sampling, in combination 
with niche modelling, should also allow determining phylogenetic 
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signals in temperature preference. Shorter-term regional extinction-
colonization dynamics due to climate change in the Antarctic should 
be investigated using phylogeographic markers such as SNPs, or with 
ǯȱȱ Ĵȱȱ ȱ ȱȱ ȱ ȱ ¢ȱ
ĴȱȱȱȱĚȱ ȱȱȱȱȱȱȱȱ
rates and distances. However, the correct interpretation of such 
studies requires a decent knowledge on species boundaries, and by 
doing so, this study lays a basis for future molecular research on the 
biogeography of polar diatoms.
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189Stress tolerance of vegetative diatom cells
Experimental set-up
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Treatment Temperature treatment (duration) Duration of dark condition
control 18°C KK
+30°C gradual &K&KPLQ&K KKPLQK
+40°C gradual &K&KPLQ&K&K KKPLQKKPLQ
&DEUXSW &KPLQ K&KPLQ&
IUHH]LQJ& &KPLQ K&KPLQ&
desiccation 10 minutes air-dry desiccation (10min) K&K&10min
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Statistical analysis 
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Fig. 7.36ȱ ¡ȱ ȱ ȱ ȱ
percentages of viable cells 
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Resistance of freshwater benthic 
diatom resting stages to experimental 
desiccation and freezing depends on 
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# of taxa 
in the list
# of taxa in 
this study
1 never, or only very rarely, occurring outside water bodies 167 3
2 mainly occurring in water bodies, sometimes on wet places 148 2
3 mainly occurring in water bodies, also rather regularly on wet and moist places 282 6
4 mainly occurring on wet and moist or temporarily dry places 116 5
5 nearly exclusively occurring outside water bodies 16 1
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Cytological changes in resting cells and survival 
of resting cell induction
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9.1.1 Geographical distribution patterns
Given the controversial importance of historical factors for microbial 
distributions (reviewed in Martiny et al., 2006), several recent studies 
ȱ ȱ ȱ ȱ ȱ ȱ Ĵȱȱ ȱ
disentangle the relative importance of historical factors and local 
factors on freshwater benthic diatom community structure and 
diversity (reviewed in Vanormelingen et al., 2008b). These showed 
that, on large spatial scales (hundreds to thousands of km), distance 
explains a substantial fraction of the variation in local community 
structure independent of environmental factors (Potapova & Charles, 
2002; Soininen et al., 2004; Verleyen et al., 2009). This is mainly due to 
species with restricted distributions which are not readily explainable 
by environmental limitations. Moreover, local diversity is limited 
by habitat availability (Telford et al., 2006), and even regional genus 
diversity can be strongly limited in isolated regions, such as those 
found at high latitudes of the Southern hemisphere (Vyverman et 
al., 2007). This indicates that dispersal limitation is an important 
ȱ ȱ ȱ ȱ ȱ ěȱȱ ȱ ǰȱ
from incomplete local recruitment from the regional species pool to 
restrictions on geographical species ranges, and shows that reports 
ȱȱȱȱ¢ȱȱĴȱȱȱȱ¢ȱ
restricted occurrence of suitable habitat.
In this thesis we gathered further evidence for the importance 
of historical factors for diatom distributions and the occurrence 
of endemic species in the (sub-)Antarctic based on morphological 
surveys.
1. First, we show that there is a high level of endemicity in 
lacustrine diatoms (27-63%, chapter 2), similar to the levels 
found for macroorganisms in the (sub-)Antarctic (Allegrucci 
et al., 2006; Stevens et al., 2006; Convey et al., 2008). Moreover, 
ȱ ęȱȱ ȱ ¢ȱ ȱ ȱ ȱ
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using molecular phylogenies in two of the cosmopolitan 
morphospecies (chapter 6) suggests that the percentage of 
(sub-)Antarctic endemic species is in fact (much) higher than 
ȱ Ȭȱ ęȱǯȱ ȱ ȱ ȱ ȱ
regions (the sub-, maritime and continental Antarctic, 
Chown & Convey, 2007) can be distinguished for lacustrine 
diatoms (chapter 2). Together, these strikingly congruent 
ȱĴȱȱ ȱȱȱȱ
ȱ ȱȱȱęȱȱȱȱ ȱ
the (sub-) Antarctic operate at similar spatial and temporal 
scales as in macroscopic organisms. 
2. Secondly, regional lacustrine diatom diversity in the Southern 
hemisphere is not only reduced (Vyverman et al., 2007) but is 
also imbalanced with an overrepresentation of predominantly 
terrestrial lineages and a general poverty of globally successful 
genera and planktonic lineages (chapter 2). This can only be 
explained by the presence of historical limitations in diatom 
lineage dispersal into the (sub-)Antarctic.
3. Finally, the low community similarity for both lacustrine and 
terrestrial diatoms among the sub-Antarctic island groups 
Crozet and Kerguelen as compared to the within-island 
similarities (chapter 3) indicate the presence of a geographic 
signal  in diatom distributions, even within the sub-Antarctic. 
This is congruent with previous reports on species endemic to 
single islands or groups of islands in the sub-Antarctic (Van 
de Vijver et al., 2002; Van de Vijver et al., 2004; Van de Vijver & 
Mataloni, 2008; Van de Vijver et al., 2010), but it is still unclear 
ȱȱ¢ȱěȱȱȱȱȱȱ
ěȱȱ ȱȱ ȱȱȱȱǰȱ
or to other factors including dispersal limitation and priority 
ěȱǯ
9.1.2 Terrestrial vs. lacustrine diatoms
As mentioned in the introduction, we hypothesized that terrestrial 
diatoms have wider geographical ranges compared to their aquatic 
counterparts resulting from higher dispersal probabilities due to the 
less fragmented terrestrial habitat (Spaulding et al., 2010), a higher 
probability of being picked up by wind, and their assumed higher 
tolerance for desiccation and temperature extremes than aquatic 
taxa (Schlichting, 1969; Ehresmann & Hatch, 1975), which was 
ęȱȱ¢ȱȱ¡ȱǻchapters 7 and 8). In line with our 
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expectations, community similarity analyses on a dataset covering 
the sub-Antarctic island groups Crozet and Kerguelen indicated 
that terrestrial diatom communities were more similar within and 
between islands than the lacustrine communities on an intermediate 
scale (ca. 1,500 km) (chapter 3), indicating higher dispersal rates 
within and between islands for terrestrial taxa. However, while 
these two islands are similar in terms of climate and geology, we 
ȱ ȱ ¡¢ȱ ȱ ȱ Ěȱȱ ȱ ȱ ȱ
ȱȱȱĴȱǰȱȱȱȱȱȱȱȱ
higher community similarities found for terrestrial communities 
were a result of higher dispersal, wider realized niches for terrestrial 
species or less environmental variability in the terrestrial habitat.
ȱȱȱȱĴȱȱȱ¢ȱȱȱȱ
organisms show less distance decay than those of aquatic organisms, 
ȱ ȱ ȱ ȱ Ĵȱȱ ȱ ȱ ȱ ȱ ęȱȱ
of terrestrial habitats (Soininen et al., 2007). However, also higher 
dispersal capacities and wider realized niches could contribute to 
ȱ Ĵȱǰȱ ȱȱ Ȭȱ ȱ ȱ ȱ Ěȱȱ
of environmental and spatial variables are needed to fully interpret 
the observed decreases in community similarity with distance 
(Legendre et al., 2005; Soininen et al., 2007). At the same time, even 
ȱȱȱ ȱȱȱĴȱȱȱȱ
spatial scales. First, terrestrial community similarities decreased 
ęȱ¢ȱȱȱȱȱȱȱȱȱȱ
(chapter 3). Secondly, the Antarctic strains of Pinnularia borealis and 
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probabilities and stress tolerance further below in section 9.3.
9.2 Species diversity and speciation in 
the (sub-)Antarctic
(Pseudo)cryptic species diversity is widespread in diatoms, with 
sometimes tens of species discovered in a single species complex 
(Behnke et al., 2004; Kooistra et al., 2005; Sarno et al., 2005; Beszteri et 
al., 2007; Mann & Evans, 2007; Vanormelingen et al., 2008a; Evans et al., 
2009; Trobajo et al., 2009; Vanelslander et al.ǰȱŘŖŖşǼǰȱȱęȱȱȱ
predictions of Mann & Droop (1996). Almost at the same time as these 
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to phenotypic plasticity has reversed and thousands of new species 
have been described including lots of potential endemics, many of 
which would previously be regarded to be part of a morphological 
continuum within species (reviewed in Vanormelingen et al., 2008b). 
The current study on P. borealis and 
ǯȱ¡¢ (chapter 6) shows 
that species diversity is still underestimated even when applying 
ȱ ęȱȬȱȱ ȱ ȱ ǻcf. chapter 2). The 
P. borealis lineage has an estimated age of no less than 42 Ma, and 
ȱ ȱ ȱ ȱ Ĵȱȱ ȱ ȱ ȱ ŘŘȱȱ ǰȱ
making it the oldest known cryptic diatom species complex known 
to date. Estimated lineage divergence times for the marine diatom 
Ȭĵȱȱ were 0.5-0.9 Ma (Casteleyn et al., 2010) and 
the age of the ȱȬ complex is at least 12 Ma 
(Evans et al., 2008). The high species diversity encountered calls for 
studies into diatom speciation. It is currently not well known what 
the contribution of various historical and ecological processes is for 
ȱęȱǰȱ ȱ ȱ ȱ ȱȱ ¢ȱ ȱ ǯȱ
ȱȱȱǰȱȱȱȱȱȱȱęȱ¢ȱ
higher synonymous mutation rates compared to the less diverse 
families based on phylogenetic analyses, indicating that there could 
ȱȱȱȱ ȱȱȱȱȱęȱȱǻi.e. 
speciation minus extinction) (Lanfear et al.ǰȱŘŖŗŖǼǯȱȱȱ¢ȱ
on polyploidy speciation in a marine planktonic diatom highlighted 
the potential importance of polyploidization (Koester et al., 2010), 
known to be involved in 15% of plant speciation and 31% of fern 
speciation events (Wood et al., 2009).
The high percentage of diatom species endemic to (parts of) 
the (sub-)Antarctic suggests that there is ample opportunity for 
allopatric speciation in the region (chapters 2 and 6). Molecular 
phylogenies are not only useful for (cryptic) species delimitation but 
ǰȱ ȱĜȱȱ¢ȱȱȱȬȱȱȱǰȱ
ȱȱȱȱȱ¢ǰȱȱȱȱȱȱĴȱǯȱ
When combined with data on ecological niches and geographical 
distributions, they allow to reconstruct the evolutionary history of 
taxa and thus get an idea of the driving (historical and ecological) 
forces behind lineage splits (see ǯǯ Darling et al., 2007; Verbruggen 
et al., 2009; Casteleyn et al., 2010). Darling et al. (2007), for instance, 
reconstructed the evolutionary history of the polar planktonic 
foraminifera species complex ȱ¢ sinistral 
using time-calibrated molecular phylogenies and geographic 
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ȱȱęȱȱȱ ȱȱȱȱȱ
Atlantic Arctic and Antarctic populations 1.5 - 1.8 Ma ago. Further 
ęȱȱȱȱȱ
ǰȱȱȱȱ
of an extreme polar lineage capable of living in the sea ice and a 
currently isolated lineage in the Benguela upwelling system, could 
be linked to glacial-interglacial climate dynamics. Together with 
other such studies, a rather complete picture is emerging on the 
biogeography of planktonic foraminifers (reviewed in Darling & 
Wade, 2008).
While it is clear that we are still far from achieving such 
a goal for freshwater or terrestrial diatoms in general and more 
ęȱ¢ȱ ȱ ȱ ǻȬǼǰȱ ȱ ȱ ȱ ȱ
been made towards achieving this goal with this PhD-thesis. These 
are (1) the reconstruction of a time-calibrated molecular phylogeny 
of the globally important diatom genus Pinnularia, allowing to date 
lineage splits for any sampled taxon in this genus (chapter 4 and 
chapter 5), (2) the construction of a molecular phylogeny for the 
globally distributed diatom Pinnularia borealis (chapter 6) showing 
the presence of a number of distinct lineages including a continental 
Antarctic lineage with an estimated split from a northern temperate 
lineage 7.7 Ma ago, remarkably similar to divergence times of 
Antarctic lineages of some other organism groups (Stevens et al., 
2006; Mortimer et al., 2011), and (3) an assessment of temperature 
preferences of these lineages showing that Antarctic P. borealis has 
a preference for relatively low temperatures but not to an extreme 
extent, similar to the Antarctic lineage of 
ǯȱ ¡¢ (chapter 
6Ǽǯȱȱěȱȱȱȱȱȱ ȱ¢ȱȱȱ
geographic areas (especially in the (sub-)Antarctic), at the same time 
assessing the geographic distribution of these lineages, and further 
niche characterization. Together, this will allow a reconstruction 
of the evolutionary history of P. borealis and potentially other 
Pinnularia lineages in the Southern Hemisphere, including a view 
ȱȱȱȱȱ ȱȱęȱǯ
9.3 Stress tolerance and consequences 
for dispersal and biogeography
ȱěȱ¢ȱȱȱ£ȱȱ ȱǰȱȱȱ
to survive the transport. The survival probability of dispersal 
depends on the tolerance levels of the species and individual cells 
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for the adverse conditions encountered during transport. This 
critical point in dispersal is not easy to quantify. First, the conditions 
ȱȱĚȱȱȱȱȱȱȱȱȱ¢ȱ
several factors (Isard & Gage, 2001). For example, desiccation rates 
during external transport by birds or by wind will depend on the 
relative humidity and temperature of the air, the wind rate and 
solar incidence, next to the presence of mud around the cells and 
the presence of protecting grooves in the feet epidermis of ducks. 
It is therefore not easy to set up experimental conditions that cover 
the range of possible conditions, while at the same time covering 
a whole range of taxa. Second, to quantify propagule viability in 
natural transport conditions, knowledge on starting densities are 
ȱ ǰȱ ȱ ȱ ǰȱ ¢ȱ  ȱ ¢ȱ ȱ ěȱȱ
ȱ ǯȱ ǰȱ ȱ ȱ ęȱȱ ȱ ȱ
viabilities are equally important as the viability level itself, it is 
important to assess the tolerance of as many species as possible. In 
our experiments (chapters 7 and 8), we decided to put more weight 
on the number of taxa instead of the number of conditions, mainly 
ȱ ȱ ȱ ¢ȱ Ĝȱȱȱ ȱ ȱ ȱ  ȱ ȱ ȱ ȱ
ȱ ȱęȱȱȱęȱȱȱ ȱȱȱ
detected using a low number of stress conditions, and because our 
ȱȱ ȱȱȱěȱȱȱȱȱ ȱ
terrestrial and aquatic species.
Two main results came out of our stress tolerance experiments 
on lacustrine and terrestrial diatoms. First, vegetative cells are very 
sensitive for desiccation and extreme temperatures (chapter 7). 
Second, also resting stages are very sensitive to these stresses, except 
the resting stages of typical terrestrial diatoms which can survive 
short-term (5 minutes) desiccation, albeit generally with low survival 
percentages (chapter 8). This has important consequences for diatom 
dispersal rates, and consequently also for population structures, 
speciation and geographical distributions. First, freshwater diatoms 
inhabit aquatic “islands” in an “ocean of inhospitable land”, and 
dispersal among such “islands” might not be very common given 
the general low desiccation tolerance of both vegetative and resting 
diatom cells and the resulting extremely low probabilities of 
transport of viable cells by air. Even if the conditions encountered 
ȱ ȱ ȱ ěȱȱ  ȱ ȱ ȱ ¡ȱ
conditions we used (chapters 7 and 8), desiccation is known to be 
a key factor during both wind and bird transport (Schlichting, 1960; 
Ehresmann & Hatch, 1975; Kristiansen, 1996; Figuerola & Green, 
233General discussion
2002). The absence of resistant dispersal stages in aquatic diatoms 
is in agreement with the single microsatellite study on freshwater 
diatoms (and even microalgae), showing that populations separated 
¢ȱ ȱȱ ȱ ȱ ȱ ȱ ȱ ěȱȱ ¢ȱ ȱ
microsatellite allele frequencies, indicative of a very low connectivity 
between populations (Evans et al., 2009). Current microsatellite 
studies on freshwater diatoms are directed at pinpointing at exactly 
how small the spatial scale is at which connectivity breaks down (pers. 
comm. P. Vanormelingen). Interestingly, marine diatom populations 
 ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱȱ  ȱ ěȱȱ
(Casteleyn et al., 2009; Casteleyn et al., 2010; Godhe & Harnström, 
2010), but additional studies are necessary to assess the generality of 
ȱĴȱǯȱǰȱȱȱěȱȱȱȱȱ
between aquatic and terrestrial diatoms it can be hypothesized that 
ȱȱȱ ȱȱȱěȱȱ
than aquatic diatoms at the same spatial scale. 
Secondly, dessication and freezing tolerant resting stages 
were only present in terrestrial and not in aquatic taxa (chapter 8) 
 ȱȱȱȱęȱ¢ȱȱȱȱǯȱȱ
Ĵȱȱȱȱȱȱȱ¡ȱ ȱȱȱȱȱ
representatives, such as in green algae (Zoe et al., 2008). Furthermore, 
the tolerance of these terrestrial resting stages to desiccation will 
enhance their survival probabilities of dispersal by animals and 
ȱȱǰȱȱȱȱ¡ȱȱĴȱȱȱȱ
dispersal by wind than aquatic taxa. It should be noted however that 
it is not clear how desiccation survival depends on the desiccation 
period, since cultures were only desiccated for 5 minutes, which is 
of course critical for determining the distances over which dispersal 
can take place. In any case, the tolerance of only terrestrial diatoms 
ȱȱȱ ȱȱęȱȱȱ¢ȱȱ
ȱ ȱ ȱ ȱ ȱ ȱ ȱ ǻȱ ǰȱ ŗşřŝǲȱ
Schlichting, 1961; Brown et al.ǰȱ ŗşŜŚǲȱ¢Ȭȱǭȱǰȱ ŗşşřǼǰȱ
albeit this is most likely a combination of the higher susceptibility of 
terrestrial material to get suspended in the air, and the desiccation 
survival of terrestrial diatom resting stages. The observed higher 
presence of terrestrial diatoms in the air also corresponds to the 
observation that terrestrial diatom community similarities might 
decrease less over intermediate distance (within islands and up 
to 1,500 km) compared to the aquatic communities (chapter 3, 
Soininen et al.ǰȱŘŖŖŝǼǯȱ
 ǰȱȱȱĴȱȱȱȱȱȱ
of the combination of three mutually non-exclusive factors: the less 
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fragmented terrestrial habitat, the higher susceptibility of terrestrial 
organisms to get picked up by air currents or to disperse over land, 
and the adaptation of terrestrial organisms to a terrestrial life-style 
with its requirements of tolerance to at least desiccation.
Thirdly, the desiccation tolerance of terrestrial diatom resting 
cells (chapter 8) emphasizes the importance of resting stages for 
dispersal. Resting stages are widely known to be the dominant 
dispersal stages in several organism groups (Hutchinson, 1967; 
Levins, 1969; Sutherland et al., 1979; Vleeshouwers et al., 1995; 
Nicholson et al.ǰȱ ŘŖŖŖǲȱ ǰȱ ŘŖŗŖǼȱ ȱ ȱ ȱ ęȱȱ
adaptations enhancing dispersal, such as wings or sticky hairs 
on the seeds of higher plants, a protective outer ectocarp, or the 
thick-walled protective ephippium enclosing the resting eggs of 
zooplankton. Besides for dispersal through space, resting stages are 
also very important as “seed bank” to overcome adverse conditions 
in time (Vleeshouwers et al., 1995; Figuerola et al., 2003; Poulícková 
et al.ǰȱŘŖŖŞǲȱ ȱǭȱǰȱŘŖŗŖǼǰȱȱ¢ȱȱęȱȱȱ¢ȱ
role in the long-term persistence of populations and species (Jones 
& Lennon, 2010). For marine and freshwater planktonic diatom 
populations the importance of resting cells and spores to overcome 
seasonally unfavorable light, nutrient and temperature conditions 
is well-established (Gran, 1912; Hargraves & French, 1975, 1983; 
McQuoid & Hobson, 1995, 1996). Terrestrial habitats are subjected to 
ȱ¢ȱȱȱĚȱȱȱȱȱ¢ȱ
(Starks et al., 1981; Gao et al., 2008), and the overall higher stress 
tolerance of terrestrial diatom resting cells compared to vegetative 
cells (chapter 8) indicates that they are important for population 
persistence under unfavorable conditions. However, there are 
no data on the population dynamics of terrestrial diatoms, and it 
is therefore not known whether terrestrial diatom populations 
show a metapopulation structure with frequent extinctions and 
recolonizations from other populations in the metapopulation once 
the habitat patch becomes suitable again, or whether a local seed bank 
guarantees long-term population survival. The presence of resistant 
resting stages, however, does indicate that both a metapopulation 
structure with regular exchange between patches and the presence 
of a local seed bank are possible.
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9.4 Biogeographical patterns of 
terrestrial and aquatic diatoms
In line with their higher tolerance to desiccation compared to aquatic 
taxa (chapter 8Ǽǰȱ ȱ ęȱȱ ȱ ȱ ȱ ȱ ȱ
of diatom communities in aquatic and terrestrial habitats indicate 
that terrestrial diatom communities tend to have a lower decrease 
in community similarity over distances up to 1,500 km (chapter 3), 
ȱ ȱ ęȱ¢ȱ  ȱ ȱ ȱ ȱ ȱ ȱ
than aquatic communities (chapter 3). At larger spatial scales this 
community similarity decreases strongly in a way similar to the 
aquatic communities (chapter 3). We therefore hypothesize that 
ȱȱȱĴȱȱȱ ȱȱȱȱ
shorter distances due to a certain degree of desiccation tolerance 
(chapter 8), a higher susceptibility for wind dispersal and a less 
fragmented terrestrial habitat on a within-island scale, but that this 
ěȱȱ ȱȱȱȱȱȱȱȱ
distances. This might be due to the fact that such long-distance 
dispersal is extremely rare also for terrestrial diatoms, resulting in 
very large community dissimilarities. However, further research 
ȱ ȱ ȱ ȱ ěȱȱ  ȱ ȱ ȱ ȱ
ȱǯȱȱěȱȱȱȱȱ
seem similar for both types of habitats within and between the sub-
Antarctic islands studied, it can’t be excluded that terrestrial habitats 
ȱȱȱěȱȱȱȱȱȱȱ
lakes, or that terrestrial diatoms have wider niches.
9.5 studying dispersal
During this thesis, we gathered data indicating that diatom 
distributions are similar to those recorded for macroorganisms 
(chapter 2), that presumed cosmopolitan diatom species may not 
be cosmopolitan after all (chapter 6), and that both vegetative and 
resting cells of diatoms are very sensitive to desiccation (chapters 
7 and 8). However, while the initial subject of this thesis was 
“dispersal” of diatoms, we did not estimate dispersal rates between 
natural populations. We therefore present three more or less feasible 
approaches to further study natural diatom dispersal, each with its 
strengths and weaknesses. Ideally, they are combined to provide a 
complete view on dispersal.
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1. Finding dispersing cells. By sampling and quantifying the 
ȱ ȱ Ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ
as animals and air currents, we can further improve our 
knowledge on dispersed taxa and abundances. Previous 
knowedge has been summarized in section 1.4.2, but we 
still lack quantitative information on species-level. It should 
be stressed that directly oxidizing the transported diatom 
material renders it useless since it doesn’t allow to distinguish 
living cells from dead frustules, which are well-known to be 
easily taken up by air and water currents and deposited away 




distance dispersal events which might be responsible for the 
colonization of new habitats.
2. Colonization and transplant experiments. The only way to 
prove (but not disprove) dispersal limitation in diatoms is a 
“transplant” experiment. This involves placing diatoms from 
one area to a geographically separated, ecologically similar, 
area and assess if the transplanted diatoms can establish 
populations in that new area, which would imply that the only 
factor previously preventing those diatoms from occurring in 
the other area was dispersal limitation. While this is ethically 
ȱ  ¢ȱ ęȱǰȱ ȱ ȱ ¢ȱ ȱ ȱ
ȱȱȱ ȱȱȱȱĴȱȱǰȱȱ
ȱȱĴȱȱȱȱȱȱǽȱǯǯ the transfer of 
organisms with ballast water of oceanic ships, or the transfer 
ȱ ȱ ¢ȱ ȱ ęȱȱ ǻ
ěȱȱ ǭȱ ǰȱ
1992; Klein et al. 2010)]. In a colonization experiment, a new 
habitat is created and the build-up of diversity is followed. 
This way, it can be determined how long it takes before new 
communities are saturated with species, and thus how long 
dispersal limitation plays a role in these communities. It 
should be noted however that decent control communities 
are necessary in which dispersal limitation is prevented by 
ęȱȱǯ
3. ȱ ȱ ȱ ěȱǯȱ ěȱȱ  ȱ
populations in allele frequencies for neutral molecular markers 






ȱǻ	Ĝȱȱȱet al., 1996). For such interpretations to 
be made, it is absolutely necessary that neutral markers are 
used and that these are not linked to genes under selection 
(which would be the case when more than one, cryptic, species 
is included in the study). In such a case, natural selection 
(species sorting) will contribute to the observed “population” 
ěȱȱȱȱȱȱȱȱȱȱ
ǯȱȱȱȱ¡ȱȱȱȱ
ěȱȱ ȱ ȱ ȱ ȱ ȱ ȱ
ěȱȱǻȱȱ ȱȱȱȱĚȱ ȱȱȱ¢ȱ
reached), which may be quite common in various freshwater 
organisms (see De Meester et al., 2002). However, when one 
ȱ Ĝȱȱ¢ȱ  ȱ ȱ ȱȱ ǰȱ ȱ ȱ ȱ
highly valuable method to get an idea of the actual dispersal 
rates and dispersal scales of diatoms.
9.6 Final thoughts
ȱ ȱ ȱ ȱ ȱ ȱ  ȱ ȱ ęȱȱ ȱ ȱ
biogeographies are shaped by both species sorting and historical 
factors, many questions remain. First of all, as stated by Green 
& Bohannan (2006) we can shift from the question “is microbial 
¢ȱ¢ȱěȱ¢ȱȱȱȱȱ
macroorganisms”, towards the question “on which spatial scale 
and using which taxonomical resolution microbial biogeography 
ȱ ȱ ȱ Ȅǯȱ ęȱȱ ȱ ȱ
turnover will thus be important in the future, and this also applies 
for diatom research. Local abundances of (living) terrestrial diatoms 
and seasonal dynamics of population density are unknown. 
Dispersal rates and scales, and speciation rates and mechanisms are 
all needed to infer the threshold levels at which speciation will occur 
between populations. Microsatellite studies and the frequencies 
ȱ ȱ ȱ  ȱ ȱ ěȱȱ ęȱȱ ȱ ȱ
ěȱȱȱȱ ȱȱȱȱȱȱ ȱ
dispersal occurs, provided that a correct single genetic lineage is used 
(i.e. a single species) and that distinctions are made within species 
¡ȱ ǽȱ ȱ ¡ȱ ȱ ȱ ȱ  ȱ ¢ȱ
  (Rynearson et al., 2009)]. While only a single microsatellite 
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¢ȱȱȱȱȱ ȱȱǽȱ (Evans 
et al., 2009)] and a second and third are under way (pers. comm. P. 
Vanormelingen), terrestrial diatoms remain unexplored. 
Compared to aquatic diatoms, much less is known about the 
ecology of terrestrial diatoms, but their life style and population 
dynamics are as much intriguing. Several questions concerning 
terrestrial diatoms have been put forward in the previous sections. 
ȬȱȱȱȱȱĴȱȱȱȱȱ
of terrestrial diatoms to overcome adverse conditions and the 
mechanisms they use, besides the importance of resting stages. 
Despite the fact that terrestrial diatoms have been thriving under 
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Until recently, the geographical distribution of microorganisms was 
assumed to be only controlled by local ecological factors (species 
sorting); their high local abundances and small size would increase 
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suggested and shown that when using a higher taxonomical 
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ȱȱȱȱǰȱȱȱȱ
ȱ ȱ ȱ ǰȱ ȱ ȱ £ȱ ¢ȱ ȱ
ȱȱ ǰȱ ȱȱȱ¢ȱ ȱȱ ȱȱ
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a general paucity of globally successful genera. A comparison of 
¢ȱ ȱ Ěȱȱ  ȱ ȱ ȱ ȱ
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to high rates of local extinction during Neogene and Quaternary 
glacial maxima, in combination with radiations through allopatric 
speciation in glacial refugia. This indicates that processes controlling 
ȱȱȱęȱȱȱȱȱȱȱȱ
spatial and temporal scales as those for macroscopic organisms, 
ȱȱȱȱĴȱǯȱ
In chapter 3, we examined if terrestrial and lacustrine diatoms 
 ȱěȱȱĴȱȱȱȱȱȱěȱȱȱ
scales, using distance decay analysis of community similarities 
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ȱ ȱ ȱ ȱ ¢ȱ ěȱǯȱ  ǰȱ ȱ
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the largest spatial, among the two oceanic basins (ca.ȱŜǰŖŖŖȱǼǰȱȱ
communities showed a strong decrease in community similarity, 
ȱ¢ȱęȱȱ ȱ ȱ ȱǯȱȱęȱȱ ȱ
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dispersal probabilities at small to intermediate scales, but further 
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In chapter 4ȱ  ȱ ȱ ȱ Ȭȱ Ȭȱ
phylogeny of the diatom genus Pinnularia to explore the importance 
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forms of Pinnularia, were used to calibrate a relaxed molecular 
ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ȱ ȱ Ȃȱ
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ca.ȱ ŜŖȱȱǰȱŗŖȱ ȱřŖȱȱȱ ȱ ȱ ȱ ȱǰȱ
ȱȱȱȱȱȱȱǰȱ ȱȱȱ
successfully disperse worldwide.
In chapter 5 we used the molecular phylogeny created in 
chapter 4 to compare the phylogenetic signal of molecular and 
ȱǯȱȱȱȱȱ¢ȱȱŚŞȱȱ
ȱŗŝȱȱȱřȱȱǯȱȱ¢ȱ
analyses of molecular and morphological data generated similar 
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characters simultaneously. Mainly “structural” characters (such as 
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for reconstructing the phylogenetic relationships within the genus. 
In chapter 6, we used two presumed cosmopolitan taxa, 
Pinnularia borealis and 
ĵȱȱ¡¢, to assess the molecular 
ȱ  ȱ ȱ ȱ ȱ ȱ ȱ ȱ
locations. Molecular phylogenies based on the plastid gene rbcL 
ȱ ȱ ŘŞȱ ȱ ŗȬŘȱ ȱ ȱ ȱ P. borealis and 

ǯȱ ¡¢ are two species complexes consisting of multiple 
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speciation. In addition, the Antarctic lineages of both P. borealis and 

ǯȱ¡¢ȱȱȱȱȱ ȱȱȱ ȱǰȱ
a lower optimal temperature and lethal upper temperature than 
most lineages from more temperate regions, indicating thermal 
ȱěȱǯȱȱȱȱȱ¢ȱȱȱȱ
cosmopolitan Antarctic diatom species are in fact species complexes, 
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possibly containing Antarctic endemic lineages.
In chapter 7ǰȱ ȱȱȱ¢ȱ¡ȱȱřŚȱ
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at a higher tolerance of terrestrial diatoms to temperature extremes, 
and indicating that terrestrial diatoms are adapted to their habitat.
 In chapter 8, we experimentally assessed the tolerance for 
desiccation and freezing of diatom resting cells, in comparison to 
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of desiccation. In contrast, resting cells showed a higher tolerance 
for desiccation, especially when preceded by a heat treatment, 
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only the resting cells of terrestrial taxa, i.e. those occurring mainly 
in wet and moist or temporarily dry places (moisture category 4) 
ȱ ¢ȱ ¡¢ȱ ȱ  ȱ ȱ ǻ¢ȱ śǼȱ ȱ
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From the results gathered in this thesis, we can conclude 
that diatom biogeographies are shaped by the same processes 
ȱȱǯȱȱĴȱȱȱȱȱ
scales indicate that historical factors and dispersal limitation are at 
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high dispersal probabilities of diatoms, despite their high local 
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compared to lacustrine diatom communities, which suggests higher 
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glaciale maxima, in combinatie met radiaties door allopatrische 





In hoofdstuk 3 onderzochten we of terrestrische en lacustriene 
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taxa, Pinnularia borealis en 
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endemische Antarctische lineages. 
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aangepast zijn aan hun habitat.
In hoofdstuk 8 onderzochten we experimenteel de tolerantie 
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There’s one important thing I’ve learned during these four years of 
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